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REFRACTORY METAL FIBER NICKEL ALLOY, COMPOSITES 

FOR USE AT H I G H  TEMPERATURES 

by Donald W .  Petrasek, Rober t  A .  S i g n o r e l l i ,  
and John W .  Weeton 

Lewis  Research  Cen te r  
N a t i o n a l  Aeronau t i c s  and  Space A d m i n i s t r a t i o n  

Cleve land ,  Ohio 

SUMMARY 

An i n v e s t i g a t i o n  was ccnducted  t o  e v a l u a t e  t h e  stress- 
r u p t u r e  p r o p e r t i e s  of composi tes  c o n t a i n i n g  v a r i o u s  combina- 
t i o n s  o f  r e f r a c t o r y  metal f i b e r s  and  n i c k e l  base a l l o y s  a t  
2000 and 2200' F.  The e f f e c t  of wire s i z e ,  volume f r a c t i o n  
f i b e r  c o n t e n t  and composi t ion  o f  t h e  m a t r i x  and t h e  f i b e r  on 
t h e  s t r e s s - r u p t u r e  p r o p e r t i e s  of  t he  composi te  was de te rmined .  

Composites of r e f r a c t o r y  metal f i b e r  r e i n f o r c e d  n i c k e l  
b a s e  a l l o y s  were produced having  s t r e s s - r u p t u r e  p r o p e r t i e s  
Quper io r  t o  c o n v e d t i o n a l  s u p e r a l l o y s  a t  u s e  t e m p e r a t u r e s  of 
2000 and 2200' F .  The 100 hour  c r e e p - r u p t u r e  s t r e n g t h  ob- 
t a i n e d  f o r  t h e  bes t  composi tes  t e s t e d  a t  2000 and 2200' F was 
35,000 p s i  and 14,000 p s i  r e s p e c t i v e l y .  

Composite s t r e n g t h  was r e l a t e d  t o  the  c o m p a t i b i l i t y  of  
t h e  f i be r s  w i t h  t h e  m a t r i x  materials. S t r o n g e r  composi tes  were 
produced w i t h  matr ix  materials which r e a c t e d  l ess  w i t h  t h e  
f ibers  t h a n  t h o s e  which were l e s s  compa t ib l e  w i t h  t h e  f i b e r s .  
?!i c k e l  allsys n,mta i~ i r?g  tit=,n.ium grid =luminim adrtit.ions ap- 
pea red  t o  be more compat ib le  w i t h  the  f ibers  i n v e s t i g a t e d  t h a n  

7 n i c k e l  a l l o y s  which d i d  not  c o n t a i n  these a d d i t i v e s .  The re -  
f r a c t o r y  f i b e r  composi t ion  a l s o  i n f l u e n c e d  the  c o m p a t i b i l i t y  be-  
tween t h e  f i b e r  and m a t r i x .  Commercially pu re  t u n g s t e n  and 
t u n g s t e n - 3  p e r c e n t  rhenium f ibers  were more compa t ib l e  w i t h  t h e  
n i c k e l  a l l o y s  s t u d i e d  than  were t u n g s t e n - 1  p e r c e n t  t h o r i a  o r  
TZM (a  molybdenum a l l o y )  f i be r s .  

compos i t e s  i n  which r e a c t i o n  between t h e  f i b e r  and m a t r i x  mate- 
r i a l  o c c u r s .  The c r e e p - r u p t u r e  s t r e n g t h  of  compos i t e s  can be 
o p t i m i z e d  by t h e  p r o p e r  f i b e r  d i a m e t e r  s e l e c t i o n .  G e n e r a l l y ,  
small diameter f ibers  are more advan tageous  t h a n  l a r g e  diameter 
f ibers  f o r  s h o r t - t i m e  c r e e p - r u p t u r e  a p p l i c a t i o n s .  For  long-  
time c r e e p - r u p t u r e  a p p l i c a t i o n s  however, large diameter f i b e r s  
are s u p e r i o r  t o  small d iame te r  f ibers .  A g r a p h i c a l  t e c h n i q u e  
was used  t o  i l l u s t r a t e  s c h e m a t i c a l l y  t h e  v a r i a t i o n  of composi te  
s t r e n g t h  as a f u n c t i o n  of wire s i z e  and d e p t h  of r e a c t i o n  of t h e  

F i b e r  d i a m e t e r  was found t o  be i m p o r t a n t  t o  t h e  d e s i g n  of  
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w i r e  w i t h  t h e  m a t r i x .  

INTRODUCTION 

S u p e r a l l o y s  have r e c e n t l y  been  deve loped  t h a t  have h i g h  
There  is  however, a s t r e n g t h  a t  t empera tu res  up t o  1900' F. 

need f o r  h i g h  s t r e n g t h  materials a t  t e m p e r a t u r e s  above 2000' F 
for a p p l i c a t i o n s  such  as advanced a i r  b r e a t h i n g  e n g i n e .  Such 
a p p l i c a t i o n s  a l s o  r e q u i r e  t h a t  t h e  mater ia l  have good o x i d a t i o n  
r e s i s t a n c e .  R e f r a c t o r y  m e t a l  a l l o y s  w i t h  s u f f i c i e n t  s t r e n g t h  
a t  t h e s e  t e m p e r a t u r e s  l a c k  o x i d a t i o n  r e s i s t a n c e .  

P r e v i o u s  work a t  t h e  Lewis Resea rch  C e n t e r  has  shown t h a t  
r e f r a c t o r y  metal f i b e r s  have e x c e l l e n t  h i g h  t e m p e r a t u r e  s t r e n g t h  
( r e f .  1 ) .  Combinations of  r e f r a c t o r y  metal f i b e r s  and  s u p e r a l l o y s  
i n  t.he form of composi tes  may be p romis ing ,  i f  advan tage  can  
be t a k e n  of t h e  h igh  s t r e n g t h  of  t h e  r e f r a c t o r y  f i b e r  and  t h e  
good o x i d a t i o n  r e s i s t a n c e  of t h e  s u p e r a l l o y .  I n  model system 
s t u d i e s  conducted a t  t h e  Lewis Research  C e n t e r  i t  was shown 
t h a t  composi tes  had  u n u s u a l l y  h i g h  s t r e n g t h  a t  e l e v a t e d  tempera-  
t u r e  as w e l l  as a t  room t e m p e r a t u r e .  These composi tes  obeyed a 
l a w  of mix tu re  r e l a t i o n  f o r  b o t h  t e n s i l e  and  s t r e s s - r u p t u r e  con- 
d i t i o n s ,  ( R e f s .  2 ,  3, 4 and 5 ) .  I t  was a l s o  shown t h a t  when 
a l l o y i n g  r e a c t i o n s  occur red  between t h e  f i b e r  and  t h e  m a t r i x ,  
t h e  composi te  p r o p e r t i e s  wei-e lowered .  P r e l i m i n a r y  c o m p a t i b i l i t y  
s t u d i e s  have i n d i c a t e d  t h a t  a l l o y i n g  r e a c t i o n s  o c c u r r e d  between 
t h e  f i b e r  and t h e  m a t r i x  i n  a r e f r a c t o r y  f i b e r  r e i n f o r c e d  s u p e r -  
a l l o y  composi te  ( R e f .  5 ) .  

P r i o r  work has  shown t h a t  t h e  t e n s i l e  and s t r e s s - r u p t u r e  
p r o p e r t i e s  of c o n v e n t i o n a l  s u p e r a l l o y s  can be improved b y  r e -  
in fo rcemen t  w i t h  r e f r a c t o r y  metal wires.  Dean ( R e f .  6 )  r e c e n t l y  
r e p o r t e d  on t h e  re i i i forcement  of c a s t  c o n v e n t i o n a l  n i c k e l  base 
s u p e r a l l o y s  wi th  t u n g s t e n  wires. Specimens c o n t a i n i n g  up t o  50 
volume p e r c e n t  f i b e r s  were t e s t ed  i n  t e n s i o n  and s t r e s s - r u p t u P e  
a t  tempe-a tures  up t o  2000° F .  A s u b s t a n t i a l  improvement i n  
t h e  t e n s i l e  s t r e n g t h  and 100 hour  c r e e p - r u p t u r e  s t r e n g t h  of  t h e  
n i e k e l  base a l l o y  was n o t e d  b y  t h e  r e i n f o r c e m e n t  of  r e f r a c t o r y  
metal wires.  A n i c k e l  base alloy,EPD-16, f o r  example,  r e i n f o r c e d  
w i t h  50 volume p e r c e n t  t u n g s t e n  wire had a 100 hour  c r e e p - r u p t u r e  
s t r e n g t h  a t  LOOOO F of 19,000 p s i .  Baskey ( R e f .  7 )  h a s  r e p o r t e d  
an  t h e  r e in fo rcemen t  of H a s t e l l o y  X ,  a n i c k e l  a l l o y ,  w i t h  tung-  
s t e n  wlres.  The u l t i m a t e  t e n s i l e  s t r e n g t h  of H a s t e l l o y  X r e i n -  
foi.ce3 w i t h  33 volume p e r c e n t  t u n g s t e n  wires a t  2000' F was f o u r  
t Imes  tna t  of t n e  u n r e i n f o r c e d  mater ia l .  However, both of t h e s e  
I n v e s t i g a t i o n s  have shown t h a t  t h e  u s e  of c o n v e n t i o n a l  n i c k e l  
base a l l o y  material  as a ma t r ix  m a t e r i a l  and  c u r r e n t  methods of  
making composi tes  r e s u l t s  i n  r e a c t i o n s  w i t h  t h e  f i b e r s  which are 
d e t r i m e n t a l  t o  t h e  p r o p e r t i e s  of t h e  composi te .  Based  on s t r e n g t h  
t o  d e n s i t y  considerat ions a t  2000' F,  t h e s e  composi te  materials 
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were l i t t l e  o r  no be t te r  than  t h e  best  a v a i l a b l e  s u p e r a l l o y s .  
None the le s s ,  r e f r a c t o r y  me ta l  f i b e r  r e i n f o r c e d  s u p e r a l l o y  m a t r i x  
compos i t e s  w i t h  s u p e r i o r  s t r e n g t h  t o  d e n s i t y  p r o p e r t i e s  would 
be p o s s i b l e  if t h e  l o s s  o f  t h e  f i b e r  p r o p e r t i e s  w i t h i n  the  m a t r i x  
cou ld  be  l i m i t e d .  

The p r e s e n t  i n v e s t i g a t i o n  was conducted  t o  produce  f i b e r  
r e i n f o r c e d  s u p e r a l l o y  composi tes  h a v i n g  s t r e s s - r u p t u r e  p r o p e r -  
t i e s  s u p e r i o r  t o  c o n v e n t i o n a l  s u p e r a l l o y s  a t  u s e  t e m p e r a t u r e s  
of 2000 and  2200° F .  I n  a d d i t i o n ,  o b s e r v a t i o n s  were maee t o  
r e l a t e  v a r i a t i o n s  i n  f iber -mat r ix  c o m p a t i t b i l i t y  t o  d i f f e r e n c e s  
i n  m a t r i x  and  f i b e r  composi t ion ,  f a b r i c a t i o n  p r o c e d u r e ,  wire 
diameter and  test-t ime and t e m p e r a t u r e .  Four  m a t r i x  composi- 
t i o n s  were chosen t o  b e  more compa t ib l e  w i t h  t h e  f i b e P s  t h a n  com- 
m e r c i a l  s u p e r a l l o y s .  Nickel base a l l o y s  c o n t a i n i n g  v a r y i n g  
p e r c e n t a g e s  of r e f r a c t o r y  e lement  a d d i t i o n s  were vacuum c a s t  
a n d  s u b s e q u e n t l y  a tomized  i n t o  f i n e  powders.  The metal powder 
was s l i p  c a s t  a round wire bundles  of  TZM (0 .5  p e r c e n t  T i ,  0.08 
p e r c e n t  Z r ,  0.015 p e r c e n t c b a l .  Mo), 3 D  ( t u n g s t e n - 3  p e r c e n t  
Phenium), NF ( t u n g s t e n - 1  p e r c e n t  t h o r i a )  and  218CS (commercial  
t u n g s t e n )  wire b u n d l e s .  The composi tes  were s i n t e r e d  and  i s o -  
s t a t i c a l l y  h o t  p r e s s e d  t o  produce f u l l y  dense  composi te  s p e c i -  
mens c o n t a i n i n g  up t o  70 volume p e r c e n t  f i b e r s .  C o m p a t i b i l i t y  
between- t h e  v a r i o u s  combina t ions  of m a t r i x  materials and  wire 
was s t u d i e d  a t  2000 and  2200' F f o r  100 h o u r s .  S t r e s s - r u p t u r e  
data a t  2000° F and 2200' F were o b t a i n e d  f o r  t h e  r e f r a c t o r y  
metal f i b e r  composi tes ,  u n r e i n f o r c e d  n i c k e l  base a n o y s  and  r e -  
f r a c t o r y  a l l o y  wires. 

MATERIALS, APPARATUS AND PROCEDURE 

Wire Material 

The wire materials s e l e c t e d  f o r  u s e  i n  t h i s  i n v e s t i g a t i o n  
were TZM (0.5 p e r c e n t  T i ,  0.08 p e r c e n t  Z r ,  0.015 p e r c e n t  C ,  
b a l .  Mo), NF ( t u n g s t e n - 1  p e r c e n t  t h o r i a ) ,  3 D  ( t u n g s t e n - 3  p e r c e n t  
!-henium), and 21WS (commercial  t u n g s t e n ) .  Most of  t h e  data 
were o b t a i n e d  from specimens c o n t a i n i n g  0 .008- inch  d i a m e t e r  
wires i n  t h e  v a r i o u s  m a t r i c e s .  A s  w i l l  b e  d e s c r i b e d  s u b s e q u e n t l y  
t h e  s t r e s s - r u p t u r e  r e s u l t s  w i t h  t h i s  wire s u g g e s t e d  t h a t  work be 
done w i t h  l a rge i .  d i a m e t e r  wires. For these l a t t e r  e x p e r i m e n t s ,  
0 .015- inch  and u.020-inch diameter wires of 218CS and  NF wires 
were u s e d .  The wire was r e c e i v e d  i n  t h e  as-drawn, c l e a n e d  and 
s t r a i g h t e n e d  c o n d i t i o n .  A chemica l  a n a l y s i s  made on t h e  NF and  
3 D  wire r e v e a l e d  t h a t  t h e  NF w i r e  c o n t a i n e d  0.8 t o  1.1 p e r c e n t  
t h o r i a  and t h a t  t h e  3 D  wi re  c o n t a i n e d  2.79 p e r c e n t  rhenium. 

Nicke l  A l lovs  

The compos i t ions  of the  n i c k e l  a l l o y s  were f o r m u l a t e d  b a s e d  
upon f o r g a b i l i t y ,  c o m p a t i b i l i t y  w i t h  t h e  r e i n f o r c i n g  f i b e r s ,  and 
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o x i d a t i o n  r e s i s t a n c e  a t  2000' F .  
d i t i o n  was made t o  n i c k e l  t o  lower r e a c t i v i t y  w i t h . t h e  r e i n -  
f o r c i n g  f ibers  b y  r e d u c i n g  t h e  chemica l  p o t e n t i a l  d i f f e r e n t i a l  
f o r  d i f f u s i o n  and a h i g h  chromium a d d i t i o n  was made f o r  ox ida -  
t i o n  r e s i s t a n c e .  W o r k a b i l i t y  and o x i d a t i o n  r e s i s t a n c e  have 
been demonst ra ted  f o r  a d d i t i o n s  o f  up  t o  50 p e r c e n t  chromium 
and t u n g s t e n  t o  n i c k e l  (Ref. 8 ) .  A n i c k e l  a l l o y  c o n t a i n i n g  
20 p e r c e n t  chromium and 25 p e r c e n t  t u n g s t e n  was one o f  t h e  a l l o y s  
i n v e s t i g a t e d  as shown i n  t ab le  1. T h i s  b a s i c  compos i t ion  was 
mod i f i ed  t o  improve s t r e n g t h  and c o m p a t i b i l i t y .  Aluminum a d d i -  
t i o n s  were made t o  form a gamma prime phase ( N i 3 A 1 )  and  t i t a n i u m  
a d d i t i o n s  t o  form an  e t a  phase ( N i Z T i )  b o t h  of  which p r e c i p i t a -  
t i o n  ha rden  the  a l l o y .  The a d d i t i o n s  t o  t h e  i n i t i a l  a l l o y  were 
s u b s t i t u e d  f o r  c o r r e s p o n d i n g  amounts of  chromium. These a d d i -  
t i o n s  t i e  up  t h r e e  atoms of n i c k e l  f o r  e a c h  atom added and  f u r -  
t h e r  lower  the  r e a c t i v i t y  of  t h e  m a t r i x  a l l o y  w i t h  t he  f i b e r  by 
l o w e r i n g  the  n i c k e l  p o t e n t i a l  f o r  d i f f u s i o n .  The compos i t ion  of  
t h i s  a l l o y  i s  a l s o  shown i n  Table  I .  The two o t h e r  a l l o y s  
s e l e c t e d  are shown i n  Table  I and  had compos i t ions  similar t o  
some c o n v e n t i o n a l  n i c k e l  b a s e  a l l o y s  w i t h  good w o r k a b i l i t y  and 
o x i d a t i o n  r e s i s t a n c e .  They a l s o  have h i g h  r e f r a c t o r y  metal con- 
t e n t s  t o  promote c o m p a t i b i l i t y  w i t h  t h e  f i b e r s .  The second of 
these a l l o y s  d i f fe rs  from t h e  f i r s t  i n  t h a t  i t  c o n t a i n s  aluminum 
and t i t a n i u m  a d d i t i o n s ,  a g a i n  s u b s t i t u t e d  for chromium. 

A h i g h  r e f r a c t o r y  metal ad-  

, 

The n i c k e l  a l l o y s  were vacuum c a s t  and a tomized  i n t o  f i n e  
powders.  A chemical  a n a l y s i s  of t h e  powder i s  shown i n  Table  
2 .  Vacuum c a s t  s t r e s s - r u p t u r e  specimens f o r  each a l l o y  com- 
p o s i t i o n  were o b t a i n e i  from t h e  master melt  u sed  f o r  making t h e  
powder.  The d e n s i t i e s  of  t h e  a l l o y s  are  t a b u l a t e d  i n  T a b l e  3 
and are based upon t h e  measurements of 12  specimens of  e a c h  
a l l o y  compost ion.  

ComDos.Ite' Snecimen F a b r i c a t i o n  

S1 i p  Compos 1. t i o n  

Marex, an ammonium s a l t  of a l g i n i c  a c i d ,  was s e l e c t e d  as 
the  b i n d e r  material  f o r  t h e  s l i p s  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  
ln p r e v i o u s . w o r k  on t h e  s l i p  c a s t i n g  of s e v e r a l  n i c k e l  base 
a l l o y s  u s i n g  Marex as a b i n d e r  ( R e f .  9 )  d e n s i t i e s  on t h e  o r d e r  
of 95 p e r c e n t  of t h e o r e t i c a l  were o b t a i n e d  f o r  s i n t e r i n g  tempera- 
t u v e s  of  2300' F .  
a 1 p e r c e n t  s o l u t i o n  has a v i s c o s i t y  of 85 c e n t i p o i s e s  a t  25' C .  
I t  decomposes a t  210-225O C (.110-430° F )  by c a r b o n i z i n g .  The 
r e s i d u a l  carbon can be burned o f f  comple t e ly  a t  12S0° F.  The ash 
c o n t e n t  i s  4 p e r c e n t  maximum. I n  p r e v i o u s  work w i t h  Marex 
(Ref .  9 )  no  n o t i c e a b l e  con taminan t s  cou ld  be d e t e c t e d  a f t e r  
s i n t e r i n g  . 

Marex i s  water s o l u b l e  and has a l o w  v i s c o s i t y ,  

I n  t h e  p r e s e n t  work a 2 .5  p e r c e n t  s o l u t i o n  of Marex i n  water 



was u s e d .  T h i s  s o l u t i o n  was t h e n  added  t o  t h e  metal powder, 
h a v i n g  a p a r t i c l e  s i z e  o f  -325 t o  p l u s  500 mesh, and  t h e n  
d i l u t e d  w i t h  water s o  t h a t  t h e  s o l i d  t o  l i q u i d  r a t i o  and v i s -  
c o s i t y  of t h e  s l i p  was lowered t o  t h e  p o i n t  where t h e  s l i p  
was p o u r a b l e .  The v i s c o s i t y  of t h e  s l i p  was less  t h a n  5000 
c e n t i p o i s e s .  V i s c o s i t y  of  t h e  s l i p s  was measured w i t h  a 
B r o o k f i e l d  Viscometer  a t  s p i n d l e  s p e e d  of 6 ,  1 2  and 3C rpm. 
Yeasurements  of t h e  pH of the  s l i p s  were made u s i n g  a Beckman 
~ I H  meter. 

The metal powder c o n t e n t ,  water c o n t e n t  and  b i n d e r  con- 
Lent  u s e d  f o r  e a c h  a l l o y  s y s t e m  are l i s t e d  i n  Tab le  4 .  Be- 
tween SO t o  90 p e r c e n t  by weight  of metal powder i s  c o n t a i n e d  
i n  t h e  s l i p .  

The f l u i d i t y  of metal s l i p s  c a n  o f t e n  be g r e a t l y  i n c r e a s e d  
by  a d j u s t i n g  t h e  pH of t h e  s l i p .  The desest  s l i p s  f o r  a p r e -  
de t e rmined  v i s c o s i t y  a r e  o b t a i n e d  a t  a s p e c i f i c  pH v a l u e .  S t u d i e s  
were conducted  t o  de t e rmine  i f  t h e  v i s c o s i t y  of  t h e  s l i p  used  
~ o u l d  be  r educed  b y  changing t h e  pH of t h e  s l i p .  Changes i n  t h e  
pH o f  t h e  s l i p  were made by a d d i n g  e i t h e r  Na, lOH o r  HNO t o  t h e  
s l i p .  
a f  t h e  s l i p ,  w i t h o u t  t h e  a c i d  o r  b a s i c  a d d i t i o n s ,  was found t o  
b e  a b o u t  t h e  minimum t h a t  can b e  o b t a i n e d .  

The v i s c o s i t y  of  t h e  s l i p  was t h e n  measured .  T z e  v i s c o s i t y  

Composite F a b r i c a t i o n  P rocedure  

Composites were m a d e  u s i n g  -325 t o  +500 mesh powder ana 
hav ing  t h e  s l i p  composi t ions  shown i n  Tab le  4 .  Cont inuous  l e i lg th  
- e f r a c t o r y  wire  b u n J l e s  were i n s e r t e d  i n t o  a n i c k e l  t u b e  c o n t a i n -  
i n g  a wire s c r e e n  a t  t h e  bottom a n 3  s e v e r a l  l ayers  of  f i l t e r  
:-ubber hose which was a t t a c h e d  t o  a mechan ica l  pump. The n i c k e l  
t u b e  was t h e n  p l a c e J  i n  a v i b r a t i n g  t ab le  and s l i p  was p o u r e i  
i n t o  t h e  wire  bundle  w h i l e  v i b r a t i n g  t h e  t u b e .  A s  t h e  n i c k e l  
s l . l o y  powder S e t  t.le\l t o  t.he bott.orn of the b u n d l e  ~ X ~ : P C ; R  1 i q i i i  1 
media was sph ioned  o f f  t h e  t o p  and more s l i p  was a d d e d .  T h i s  
p r o c e s s  was c o n t i n u e d  u n t i l  t h e  n i c k e l  a l l o y  powder comple t e ly  
i n f i l t r a t e d  t o  t h e  t o p  of t h e  w i r e  b u n d l e .  The v i b r a t o r  was 
t h e n  t u r n e d  o f f  and a vacuum was a p p l i e d  t o  t h e  tube  t o  d r i v e  
o f f  any a d d i t i o n a l  l i q u i d  media l e f t  i n  t h e  c a s t i n g .  The s p e c i -  
men was remove3 from t h e  tube  and d r i e d  i n  a i r  f o r  a p p r o x i m a t e l y  
2 1  hour s  a t  110" F .  Ttie specimens were t h e n  p r o c e s s e d  b y  e i t h e r  
a h i g h  t e m p e r a t u r e  d e n s i f i c a t i o n  t e c h n i q u e  or a low t e m p e r a t u r e  
d e n s i f i c a t i o n  t e c h n j q u e .  initially t h e  h i g h  t e m p e r a t u r e  d e n s i -  
f i c a t i o n  t e c h n i q u e  was u s e d .  
t e c h n i q u e  c o n s i s t e d  of s i n t e r i n g  t h e  s l i p  cas t  specimen a t  2OOG F 
f o r  1 hou? i n  d r y  hydrogen t o  d r i v e  of f  t h e  Marex b i n d e r  and t o  
r educe  any  n i c k e l  o r  chromium o x i d e  f i l m  which m i g h t  be p r e s e n t  
on t h e  s u r f a c e  of t h e  powders. N i c k e l  ox ide  i s  r e a d i l y  r educed  
a t  t h i s  t e m p e r a t u r e  u s i n g  hydrogen. The r e d u c t i o n  of  chromium 
o x i d e  however, r e q u i r e s  very  d r y  hydrogen.  The dew p o i n t  of  t h e  
hydrogen u s e d  i n  t h i s  i n v e s t i g a t i o n  was -88' F which s h o u l d  be  

The h i g h  t e m I e r a t u r e  d e n s i f i c a t i o g  
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s u f f i c i e n t  t o  r educe  any  chromium o x i d e  f i l m  c o n t a i n e d  on 
t h e  powders (Ref. 10). Any t i t a n i u m  o r  aluminum o x i d e  f i l m  
p r e s e n t  however, would n o t  be reduced  (Ref .  1 0 ) .  After s i n t e r -  
i n g ,  t h e  specimens were i n s e r t e d  i n t o  c l o s e l y  f i t t i n g  n i c k e l  
cans  h a v i n g  a w a l l  t h i c k n e s s  of 0.030 i n c h e s .  N icke l  p l u g s  
were i n s e r t e d  i n t o  t h e  t o p  and bot tom of  t h e  can  and  t h e  can  
was e l e c t r o n  beam welded i n  a vacuum. The c a n s  were t h e n  leak 
t e s t ed  i n  he l ium.  F i n a l  d e n s i f i c a t i o n  was accompl ished  by i s o -  
s t a t i c a l l y  hot  p r e s s i n g  t h e  canned b i l l e t  a t  2000° F f o r  2 hour s  
under  hel ium p r e s s u r i z e d  t o  20,000 p s i .  L a t e r ,  i n  t h e  program, 
t h e  d e n s i f i c a t i o n  t e c h n i q u e  was mod i f i ed  t o  a low t empera tu re  
d e n s i f i c a t i o n  t e c h n i q u e .  The low t e m p e r a t u r e  d e n s i f i c a t i o n  
t e c h n i q u e  followed. t h e  same p rocedure  as t h a t  used  i n  t h e  h i g h  
t e m p e r a t u r e  d e n s i f i c a t i o n  t e c h n i q u e .  The s l i p  c a s t  specimens 
however, were s i n t e r e d  a t  1500° F f o r  1 hour  i n  d r y  hydrogen 
r a t h e r  t h a n  2000' F .  F i n a l  d e n s i f i c a t i o n  was accompl ished  by 
i s o s t a t i c a l l y  h o t  p r e s s i n g  t h e  b i l l e t s  f i r s t  a t  1500° F f o r  1 
hour  and  t h e n  2000° F f o r  1 hour  unde r  he l ium p r e s s u r i z e d  t o  
20,000 p s i .  

S t r e s  s - ruDture .  Tes ts  

S t r e s s - r u p t u r e  t es t s  on s i n g l e  f i b e r s  were conducted  i n  a 
s t r e s s - r u p t u r e  a p p a r a t u s  s p e c i f i c a l l y  d e s i g n e d  f o r  t h e  t e s t i n g  
of up t o  4 f i l a m e n t s  s i m u l t a n e o u s l y .  A d e t a i l e d  d e s c r i p t i o n  of 
t h i s  a p p a r a t u s  may be found i n  r e f e r e n c e  1. 
i n s i d e  of the  chamber i s  shown i n  f i g u r e  2 .  I n  t h i s  t e s t i n g  u n i t  
the  wire was s t r u n g  th rough  a tantalum-wound r e s i s t a n c e  f u r n a c e  
and around a p u l l e y  and a t t a c h e d  t o  a we igh t  pan .  The chamber 
was c l o s e d  and t h e  system e v a c u a t e d  t o  a measured vacuum-of ap-  
p r o x i m a t e l y  5 x 10-5 t o  1 x 10-6 t o r r .  The f u r n a c e s  were t h e n  
t u r n e d  on and a l lowed  t o  s t a b i l i z e  a t  t h e  des i r ed  t e s t  tempera-  
t u r e .  After s t a b i l i z a t i o n  t h e  w e i g h t s  were a p p l i e d  t o  t h e  s p e c i -  
mens b y  lower ing  t h e  r e t r a c t a b l e  s u p p o r t .  Tests were conducted 
a t  20CO and 2200' F f o r  times up t o  200 h o u r s .  

S t r e s s - r u p t u r e  t es t s  on vacuum c a s t  n i c k e l  a l l o y  specimens 
and on composi te  t e s t  specimens were conducted  i n  c o n v e n t i o n a l  
c r e e p  machines,  u s i n g  a hel ium atmosphere t o  l i m i t  o x i d a t i o n .  
Tes ts  were conducted a t  2000 and i n  some c a s e s  2200° F .  

A photograph  of t h e  

C o m p a t i b i l i t y  S t u d i e s  

As-r f rawn,  c l e a n e d  and s t r a i g h t e n e d  wires of NF, 218CS, 3 D  
a n J  YZM were a n n e a l e d  a t  2000° F i n  hel ium f o r  100 h o u r s .  The 
t r a n s u e r s e  an3 l o n g i t u d i n a l  s e c t i o n s  were examined m e t a i i o -  
g r a p h i c a l l y  t o  de t e rmine  t h e  e f f e c t  of t h e  a n n e a l i n g  t r e a t m e n t  
on t h e  m i c r o s t r u c t u r e  of t h e  a n n e a l e d  wire w i t h o u t  t h e  i n f l u e n c e  
of a m a t r i x .  

Compa't ibil iLy s t u d i e s  were conducted  on a l l  combina t ions  



? 

o f  m a t r i x  materials and f i b e r  materials.  C o m p a t i b i l i t y  s p e c i -  
mens were s l i p  c a s t  and  then  f a b r i c a t e d  by t h e  h i g h . t e m p e r a t u r e  
d e n s i f i c a t i o n  t e c h n i q u e .  
i n c h  diameter by 1/2-inch l e n g t h  were t h e n  c u t  from t h e  p r e s s e d  
b i l l e t s .  The m i c r o s t r u c t u r e  o f  the  f i b e r - m a t r i x  i n t e r f a c e  was 
examined m e t a l l o g r a p h i c a l l y  and  t h e  d e p t h  of r e a c t i o n  measured 
o p t i c a l l y  on t r a n s v e r s e  s e c t i o n s  o f  composi te  specimens u s i n g  a 
F i l a r  e y e p i e c e  a t  a m a g n i f i c a t i o n  of  500. The d e p t h  o f  t h e  r e a c -  
t i o n  zone i s  d e f i n e d  as t h e  d i s t a n c e  from t h e  f i b e r - m a t r i x  i n t e r -  
f a c e  t o  t h e  i n t e r f a c e  i n  t h e  f i b e r  where a m i c r o s t r u c t u r a l  
change i s  obse rved .  The e f f e c t  of time a t  t empera tu re  on f i b e r  
m a t r i x  c o m p a t i b i l i t y  was s t u d i e d  u s i n g  f a i l e d  s t r e s s - r u p t u r e  
spec imens  f a b r i c a t e d  by e i the r  t h e  h i g h  or low t empera tu re  den- 
s i f  i c a t i o n  t e c h n i q u e .  

Specimens h a v i n g  d imens ions  of  3/4- 

E l e c t r o n  Micro-probe S t u d i e s  

E l e c t r o n  micro-probe s t u d i e s  were conducted  on t r a n s v e r s e  
s e c t i o n s  of composi te  specimens f a b r i c a t e d  by t h e  h i g h  tempera- 
t u r e  d e n s i f i c a t i o n  t echn ique .  T h i s  was done t o  de t e rmine  
whether  there  was e l e m e n t a l  d i f f u s i o n  between t h e  r e f r a c t o r y  
wires and  t h e  m a t r i x  and t o  t r y  t o  i d e n t i f y  t h e s e  e l emen t s  and 
t h e  e x t e n t  t o  which t h e y  d i f f u s e d .  A s t e p  s c a n  mode, 1 micron 
p e r  s t e p  was used  i n  t h e  a n a l y s i s .  

RESULTS 

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  showed t h a t  t h e  h i g h  re -  
f r a c t o r y  metal c o n t e n t  m a t r i x  materials s e l e c t e d  were s u f f i c i e n t l y  
compa t ib l e  w i t h  t h e  wire r e in fo rcemen t  t o  l i m i t  f i b e r  p r o p e r t y  
loss. A f a b r i c a t i o n  procedure  was evo lved  which a c h i e v e d  g r e a t e r  
t h a n  99 p e r c e n t  d e n s i f i c a t i o n  o f  composi tes  a t  a low s i n t e r j n g  
t e m p e r a t u r e .  Composites w i t h  e x c e l l e n t  p r o p e r t i e s  were o b t a i n e d  
b y  l i m i t i n g  t h e  r e a d t i o n  between f i b e r  and m a t r i x  t o  a d e p t h  of 
1 .5  mils c)r less fnr e ~ p n g ~ y ~  times nf 100 hours  at. 2C)OoO F .  
The  d a t a  c o l l e c t e d  t o  o b t a i n  these composi te  p r o p e r t i e s  w i l l  now 
be d e s c r i b e d .  

Wire Anneal S t u d i e s  

PhotomicroLTraphs showing t h e  m i c r o s t r u c t u r e  o f  t h e  a n n e a l e d  
wires a r e  shown i n  f i g u r e  3 .  The wires s t i l l  ma in ta ined  a f i b r o u s  
s t r u c t u r e .  The thermal t r e a t m e n t  f o r  100 hour s  a t  2000' F d i d  
n o t  cause  a s e v e r e  change i n  m i c r o s t r u c t u r e .  Cracks a p p e a r i n g  
i n  t h e  wires are a r e s u l t  of specimen p r e p a r a t i o n .  

Compos i te C o m p a t i b i l i t y  S t u d i e s  

S e v e r a l  m i c r o s t r u c t u r e s  t y p i c a l  o f  a s - s i n t e r e d  and  p r e s s e d  
composl te  specimens c o n t a i n i n g  218CS or TZM wire a r e  shown i n  
f i g u r e  4 .  The f i g u r e  shows t h e  r e l a t i v e  e f f e c t s  of t h e  r e a c t i o n  
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of  the  m a t r i x  w i t h  t h e  f i b e r .  A l l o y s  3 and  7, which c o n t a i n  
aluminum and t i t a n i u m  are more compa t ib l e  w i t h  t h e  f i b e r s  t h a n  

. a l l o y s  1 and 5 .  The l a t t e r  two a l l o y s  do n o t  c o n t a i n  aluminum 
or t i t a n i u m .  I t  can a l s o  be s e e n  t h a t  t h e  TZM wires show 
s e v e r e  r e a c t i o n  w i t h  t h e  m a t r i x  materials and  are comple t e ly  
r e c r y s t a l l i z e d .  T h e . v i s i b l e  d e p t h  of  p e n e t r a t i o n  of t h e  n i c k e l  
a l l o y  i n t o  t h e  r e f r a c t o r y  wires was measured and  i s  shown i n  
T a b l e  5 .  The t a b l e  shows t h a t  t h e  218CS and 3 D  wire are more 
compa t ib l e  w i t h  t h e  a l l o y s  t h a n  t h e  o t h e r  two wire materials i n -  
v e s t i g a t e d .  

E l e c t r o n  Micro-probe S t u d y  

The r e s u l t s  of t h e  e l e c t r o n  micro-probe s c a n s  showed 
d e t e c t i b l e  d i f f u s i o n  zones  which were of  t he  o r d e r  of 0 .25 
t o  a maximum o f  0.50 m i l s  i n  d e p t h .  O p t i c a l  measurements how- 
e v e r ,  i n d i c a t e d  t h a t  t h e  d e p t h  of  t h e  zones  were on t h e  o r d e r  
of  2 m i l s .  I t  i s  d i f f i c u l t  f o r  the  probe  t o  d e t e c t  e l emen t  con- 
t e n t s  below 1 p e r c e n t .  The g r e a t e r  p o r t i o n  of  t h e  d i f f u s i o n  
zone must t h e r e f o r e  c o n t a i n  l ess  t h a n  1 p e r c e n t  of t h e  d i f f u s i n g  
e l e m e n t s .  All of  t h e  specimens i n d i c a t e d  some d i f f u s i o n  of  
t u n g s t e n  i n t o  the m a t r i x  a l t h o u g h  the  g r e a t e r  d e p t h  of the d i f -  
f u s i o n  was i n t o  t h e  t u n g s t e n  wire.  There was s u b t l e  e v i d e n c e  
from t h e  micro-probe s t u d y  t h a t  g r a i n  boundary d i f f u s i o n  o c c u r r e d  
which may e x p l a i n  t h e  d i f f e r e n c e  i n  t h e  d e p t h  of  t h e  zone d e t e r -  
mined o p t i c a l l y  as compared t o  the  d e p t h  de t e rmined  by t h e  p robe .  
A t y p i c a l  c o n c e n t r a t i o n  v e r s u s  d i s t a n c e  p l o t  f o r  218CS wire i n  
a l l o y  3 i s  shown i n  f i g u r e  5.  

S t r e s s - R u p t u r e  R e s u l t s  

The stress t o  cause  r u p t u r e  v e r s u s  r u p t u r e  l i f e  a t  2000 
and 2200° F f o r  the wire materials s t u d i e d  i s  p l o t t e d  i n  f i g u r e  
6 .  The s c a t t e r  i n  t h e  s t r e s s - r u p t u r e  data i s  small f o r  the  
t u n g s t e n  a l l o y s  b u t  i s  q u i t e  l a r g e  f o r  t he  TZM wire a t  2000' F 
( F i g .  6 ( e ) ) .  The s t r e s s - r u p t u r e  p r o p e r t i e s  of  t h e  218CS wire 
d e c r e a s e d  w i t h  i n c r e a s i n g  wire d i a m e t e r  ( F i g .  6 ( b  and c ) ) .  The 
same i s  t r u e  f o r  t h e  NF wire however, t h e ' d e c r e a s e  i n  p r o p e r -  
t i e s  i s  much less ( F i g .  6 ( a ) j .  The NF wire is s e e n  t o  be t h e  
s t r o n g e s t  wi re  m a t e r i a l  i n v e s t i g a t e d .  I n  f a c t ,  the  1000 hour  
c r e e p - r u p t u r e  s t r e n g t h  of the  NF wire i s  e q u i v a l e n t  t o  t h e  
100 hour  c r e e p - r u p t u r e  s t r e n g t h  of t h e  218CS and 3D wire. 

S i m i l a r  p l o t s  f o r  the u n r e i n f o r c e d  n i c k e l  a l l o y s  t es ted  
a t  t h e  same t empera tu res  i s  shown i n  f i g u r e  7 .  The n i c k e l  alloys 
c o n t a i n i n g  the  t i t a n i u m  and aluminum a d d i t i o n s ,  a l l o y s  3 and 7 ,  
are s t r o n g e r  a t  2000° F t h a n  alloys 1 and 5 which do n o t  c o n t a i n  
these a d d i t i o n s .  A t  2200° F a l l o y s  1 and 3 which c o n t a i n  t h e  
h i g h e r  p e r c e n t a g e s  of r e f r a c t o r y  a d d i t i o n s ,  are the s t r o n g e s t  
materials. 



The stress t o  cause  r u p t u r e  i n  100 h o u r s  a t  2000 and  2200° F 
f o r  t h e  wire material and t h e  n i c k e l  a l l o y s  i s  g i v e n  i n  Table  6 .  
Also  shown i n  t h e  t a b l e  i s  t h e  s t ress  t o  d e n s i t y  r a t i o  f o r  t h e  
materials f o r  t h e  s t ress  t o  c a u s e  r u p t u r e  i n  100 h o u r s .  A t  2000' 
F t h e  NF wire i s  t h e  s t r o n g e s t  w i r e  material i n  s t r e s s - r u p t u r e  
a l t h o u g h  the TZM wire is a lmos t  as s t r o n g .  
t h e  TZM wire i s  much weaker than t h e  o t h e r  w i r e  materials s t u d i e d .  
The s t r o n g e s t  n i c k e l  a l l o y  i n  s t r e s s - r u p t u r e  f o r  100 h o u r s  i s  
a l l o y  3 a t  b o t h  t e m p e r a t u r e s .  

t h e  218CS wire and  3 D  wi re  materials were more compa t ib l e  w i t h  
the n i c k e l  a l l o y s  t h a n  t h e  o t h e r  wire materials s t u d i e d .  The 
218CS wire material was s e l e c t e d  as t h e  r e i n f o r c e m e n t  material 
f o r  s t r e s s - r u p t u r e  s t u d i e s  of  compos i t e s .  The compos i t e s  were 
f a b r i c a t e d  u s i n g  t h e  h i g h  t e m p e r a t u r e  d e n s i f i c a t i o n  t e c h n i q u e .  
The  s t r e s s - r u p t u r e  p r o p e r t i e s  of  a l l  of t h e  n i c k e l  a l l o y s  r e i n -  
f o r c e d  w i t h  218CS wire were de t e rmined  a t  2000° F, and are g i v e n  
i n  Table  7 .  A number of composi tes  f a i l e d  by a shear t y p e  f r a c -  
t u r e  which r e s u l t e d  from t h e  m a t r i x  s h e a r i n g  due t o  misa l ignment  
of t h e  f i be r s  w i t h  t h e  t e s t  a x i s .  The t y p e  of f r a c t u r e  which oc-  
c u r r e d  i s  a l s o  l i s t e d  i n  t h e  t ab le .  A p l o t  of f i b e r  c o n t e n t  
v e r s u s  r u p t u r e  l i f e  f o r  specimens tes ted  a t  2000° F and 15,000 
p s i  f o r  compos i t e s  c o n t a i n i n g  218CS wire w i t h  e a c h  of t h e  f o u r  
a l l o y  m a t r i x  materials i s  shown i n  f i g u r e  8 .  
t h o s e  spec imens  which f a i l e d  i n  t e n s i o n  are p l o t t e d .  The ma- 
j o r i t y  of  t h e  data o b t a i n e d  were f o r  compos i t e s  c o n t a i n i n g  21t jC.S  
wire hav ing  a diameter of  0.008 i n c h e s .  . Some s t r e s s - r u p t u r e  data 
were a lso o b t a i n e d  f o r  composi tes  c o n t a i n i n g  a l l o y  3 as t h e  m a t r i x  
and  wires h a v i n g  a diameter of  0.015 and 0.020 i n c h e s  as shown 
i n  f i g u r e  8 .  I t  s h o u l d  be n o t e d  t h a t  composi tes  c o n t a i n i n g  
a l l o y s  3 and 218CS wires  of 0.008 and 0.020 inch diameter weye riot 
f u l l y  d e n s i f i e d  which could r e d u c e  i t s  p r o p e r t i e s  i n  stress- 
r u p t u r e .  The r e s u l t s  i n d i c a t e d  t h a t  h i g h e r  f i b e r  c o n t e n t s  a r e  
n e c e s s a r y  t o  ach iecv  a 100hour  r u p t u r e  l i f e  a t  2000° F and 15:0% 
p s i  f o r  composi tes  of a l l o y s  1 and 5 t h a n  f o r  a l l o y s  3 and 7 .  
A l l o y s  3 and 7 b o t h  c o n t a i n  t i t a n i u m  and aluminum a d d i t i o n s .  
A l loy  3 a p p e a r s  t o  be s l i g h t l y  b e t t e r  t h a n  a l l o y  7 as a m a t r i x  
material f o r  t h e  composi tes  s t u d i e d  i n  s t r e s s - r u p t u r e .  The com- 
p o s i t e s  hav ing  a l l o y  3 as t h e  m a t r i x  and c o n t a i n l n g  large diameter 
f ibers  a p p e a r  t o  be as s t r o n g  as t h e  compos i t e s  c o n t a i n i n g  t h e  
0 .008- inch  f i b e r s .  The s t r e s s - r u p t u r e  r e s u l t s  on t h e  f i b e r s  t e s t ed  
o u t s i d e  of t h e  c o m p o s i t i e ,  however, showed t h a t  t h e  larger  d i a -  
meter f i b e r s  were weaker than  t h e  0 .008- inch  f i b e r s .  

A t  220Go F however, 

The r e s u l t s  of  the c o m p a t i b i l i t y  s t u d i e s  i n d i c a t e d  t h a t  

The data f o r  o n l y  

Dep th  of Reac t ion  Versus  Rupture  L i f e  

The p r o p e r t i e s  r e p o r t e d  above f o r  t h e  d i f f e r e n t  combina t ions  
of wire and a l l o y m a y b e  re la ted t o  t h e  degree of  r e a c t i v i t y  be-  
tween t h e  m a t r i x  and wire r e i n f o r c e m e n t  as w e l l  as t o  t h e  i n i t i a l  
p r o p e r t i e s  of these components of t h e  compos i t e .  G e n e r a l l y  t h e  
smaller the  d e p t h  of  p e n e t r a t i o n  i n t o  t h e  f i b e r  t h e  h i g h e r  t h e  
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composi te  p r o p e r t i e s .  T h i s  s imple  gage of  composi te  s t r e n g t h  
must be q u a l i f i e d  f o r  v a r y i n g  wire s i z e  and  f o r  v a r i a t i o n s  i n  
p r c p e r t i e s  of t h e  r e a c t e d  zone .  The d e p t h  of t h e  r e a c t i o n  be -  
tween t h e  m a t r i x  and t h e  f i b e r  was measured f o r  e a c h  specimen 
test,ed i n  s t r e s s - r u p t u r e .  F i g u r e  9 i s  a p l o t  of t h e  d e p t h  of 
r e a c t i o n  a g a i n s t  time of exposure  f o r  composi te  spec imens  con- 
t a i n L n g  218CS wire  and t e s t e d  a t  2000' F .  On t h e  b a s i s  of r e -  
a c t i c i i  d e p t h  a f t e r  100 hour  exposure  a t  2000' F,  compos i t e s  
hav ing  0 .015- jnch  d i a m e t e r  f t b e r s  and a l l o y  3 as t h e  m a t r i x  ap -  
l ea?  t c  be t h e  most compa t ib l e ,  h a v i n g  a p e n e t r a t i o n  d e p t h  of 
o n l y  1 .3  mils. Al loy  7 also ' appea r s  t o  be  v e r y  compa t ib l e  
~ . i t h  :ne f ' i b e r s  hav ing  a d e p t h  of r e a c t i o n  of  1 . 6  m i l s  a f t e r  
100 hcur exposure .  Composites c o n t a i n i n g  0 , 0 0 8 - i n c h  d i a m e t e r  
f i b e r s  an3  a l l o y  3 as a ma t r ix  material show grea te r  r e a c t i o n  
w i t h  t h e  f ibe l - s  t h a n  compos i t e s  which c o n t a i n e d  0 .015- inch  d i a -  
meter l ' i be r s .  The composi te  specimens c o n t a i n i n g  t h e  smaller 
f ibc:>s, as mentioned p r e v i o u s l y ,  were n o t  f u l l y  d e m i f  i e d .  
Another o b s e r v a t i o n  i n  t h i s  i n v e s t i g a t i o n  was t h a t  t h e  r a t e  of 
r e a c t i o n  w i t h  t h e  f i b e r  was i n f l u e n c e d  b y  t h e  p o r o s i t y  of t h e  
mati-ix material .  The g r e a t e r  r e a c t i o n  ra tes  upon f a b r i c a t i o n  
o c c u r r e d  for t h o s e  composi tes  i n  which t h e  m a t r i x  was n o t  f u l l y  
d e n s i f l e d  i n d i c a t i n g  t h a t  s u r f a c e  d i f f u s i o n  may be c o n t r o l l i n g  
t h e  r e a c t i o n .  Al loy  3 a p p e a r e d  t o  be t h e  most c o m p a t i b l e  a l l o y  
used  i n  t h i s  i n v e s t i g a t i o n  based  upon t h e  f u l l y  d e n s i f i e d ,  
l a r g e  d i ame te r  f i b e r  composi te  data, f o l l o w e d  b y  a l l o y  7 .  Both 
of t h e s e  alloys c o n t a i n  t i t a n i u m  and aluminum a d d i t i o n s  and r e -  
s u l t  i n  t h e  s t ~ - o n g e s t  composi tes  i n  s t r e s s - r u p t u r e .  D i f f u s i o n  
c o e f f i c i e n t s  c a l c u l a t e d  from t h e  de  t h  o p e n e t r a t i o n  r e s u l t s  
v a r i e d  between 2 x 10-11 t o  5 x lO-p1 cm'/sec. 

ODt imiza t ion  of F a b r i c a t i o n  Techniaue  and Wire S i z e  

F a b r i c a t i n g  f u l l y  d e n s i f i e d  compos i t e s ,  as was n o t e d  f o r  
t h e  a l l o y  3 composi te  sys tem,  i s  a p r e r e q u i s i t e  t o  good com- 
p a t i b i l i t y  an3 composi te  p r o p e r t i e s .  I n  o r d e r  t o  e v a l u a t e  t h e  
s t r e s s - r u p t u r e  p r o p e r t i e s  of a l l o y  3 compos i t e s  c o n t a i n i n g  O . O L 6 -  
i n c h  diameter f i b e r s  i t  was f i r s t  n e c e s s a r y  t o  o b t a i n  f u l l y  den- 
s i f i e d  composi tes  t o  l i m i t  s u r f a c e  d i f f u s i o n  a t  t h e  f i n a l  p r e s -  
s i n g  t emyera tu re  of 2O0Oo F .  The f a b r i c a t i o n  p rocedure  ha3  beer! 
t o  s i n t e r  t h e  s l i p  c a s t  spec imens  a t  2000' F f o r  1 hour  i n  hy- 
drogen and then  t o  h o t  p r e s s  t h e  b i l l e t  a t  2000' F f o r  2 hour s  
a t  20,UuO p s i  u s i n g  p r e s s u r i z e d  he l ium.  The f a b r i c a t i o n  p r o -  
cedure  was m o d i f i e d  i n  a n  a t t e m p t  t o  d e n s i f y  t h e  m a t r i x  powde:. 
as much as p o s s i b l e  p r i o r  t o  f u l l y  d e n s i f y i n g  t h e  material a t  
2uCjOo F .  The s l ip  c a s t  specimens were s i n t e r e d  a t  1500° F f o r  
1 houi-. r a t h e r  t h a n  20G0° F t o  d r i v e  o f f  t h e  b i n d e r  and r educe  
o x i d e  f i lms  p r e s e n t  on t h e  powders as well  as t o  i m p a r t  s u f f i c i e n t  
;;reen s t r e n g t h  t o  t h e  c a s t i n g .  The s i n t e r e d  specimens were then  
h o t  p r e s s e d  a t  l5GOo F f o r  1 hour  a t  a gas p r e s s u r e  of 20,000 p s i .  
F i g u r e  10 shows t h e  m i c r o s t r u c t u r e  of a t y p i c a l  a s - p r e s s e d  s p e c i -  
men. No p e n e t r a t i o n  was observed,  y e t  t h e  m a t r i x  was f a i r l y  d e n s e .  
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The specimens were t h e n  ho t  p r e s s e d  a t  2000' F f o r  1 hour  a t  
a g a s  p r e s s u r e  of '20,000 p s i .  F u l l y  dense  spec imens .were  ob- 
t a i n e d  by t h i s  t e c h n i q u e  and t h e  r e a c t i o n  due t o  f a b r i c a t i o n  
was lowered .  

It was n o t e d  i n  t h e  s e c t i o n  concerned  w i t h  t h e  s t ress-  
r u p t u r e  p r o p e r t y  o f  t h e  composi tes  t h a t  s h e a r  t ype  f r a c t u r e s  
o c c u r r e d  when t h e  f i b e r s  were m i s a l i g n e d  which lowered  the 
p r o p e r t i e s  of t h e  composi te  i n  s t r e s s - r u p t u r e .  The maximum 
f i b e r  c o n t e n t  i n v e s t i g a t e d  was a l s o  a p p r o x i m a t e l y  50 volume 
p e r c e n t .  I n  o r d e r  t o  a s s u r e  b e t t e r  f i b e r  a l ignmen t  smaller 
diameter cans  were used  than had been used  p r e v i o u s l y ,  3 / 8 -  
i n c h  i n s i d e  d i a m e t e r  r a t h e r  t h a n  3/4-inch i n s i d e  diameter.  It 
was a l s o  a t t e m p t e d  t o  i n c r a s e  t h e  f i b e r  c o n t e n t  above 50 
volume p e r c e n t .  Composites were f a b r i c a t e d  u s i n g  t h e  mod i f i ed  
s i n t e r i n g  and  p r e s s i n g  t echn ique  and  u s i n g  t h e  smaller diameter 
c a n s .  

The r e su l t s  o b t a i n e d  wi th  composi tes  c o n t a i n i n g  0.008 and 
0.0015-inch d i a m e t e r  NF wire u s i n g  a l l o y  3 as t h e  m a t r i x  
material are t a b u l a t e d  I n  Table 8 .  S t r e s s - r u p t u r e  t es t s  were 
conducted  a t  2000' F and i n  some c a s e s  a t  2200' F .  I t  shou ld  
be  n o t e d  t h a t  a l l  of  t h e  composi te  specimens f a i l e d  i n  t e n s i o n  
and t h a t  h i g h e r  f i b e r  c o n t e n t s  were o b t a i n e d  p a r t i c u l a r l y  w i t h  
composi tes  c o n t a i n i n g  t h e  l a r g e r  d i a m e t e r  f i b e r s .  A p l o t  of 
f i b e r  c o n t e n t  v e r s u s  r u p t u r e  l i f e  f o r  composi tes  c o n t a i n i n g  3 D  
and '21dCS wire, 0.00?3-lnch diameter, i s  shown i n  f i g u r e  l l ( a ) .  
The data p l o t t e d  a r e  for composi tes  s t r e s s e d  a t  20,000 p s i  and , 

25,000 p s i  a t  2000° F .  The p r o p e r t i e s  of  b o t h  t h e s e  composi te  
s y s t e m s  as a f u n c t i o n  of f i b e r  c o n t e n t  a p p e a r  t o  b e  independent  
of wire compos i t lon .  F igu re  l l ( b )  i s  a p l o t  of f i b e r  c o n t e n t  
v e r s u s  r u p t u r e  l i f e  f o v  composi tes  of a l l o y  3 c o n t a i n i n g  0.019- 
i n c h  diameter NF w i r e  and for composi tes  c o n t a i n i n g  U.Ol5-inch 
diameter 2ltlCS wire. The p r o p e r t i e s  of  b o t h  sys tems as a func -  

<ompos i t ion .  A p l o t  o f  f i b e r  c o n t e n t  vex-sus r u p t u r e  l i f e  f o r  
composi tes  c o n t a i n i n g  t h e  l a r g e  diameter f i b e r s  which were t e s t e J  
a t  22000 F and 15,000 p s i  is shown i n  f i g u r e  ll(c). The  r e s u l t s  
i n d l c a t e  t h a t  a t  a stress of 15,00(1 p s i  a p p r o x i m a t e l y  7 5  volume 
p e r c e n t  f i b e r  i s  n e c e s s a r y  t o  a c h i e v e  a Id0 hour  r u p t u r e  l i f e .  

t: b I v L 1  A". cjf flbei. c;i;tefi*i ~ 1 s ~  ~ p p e ~ i *  tcj be iiidepefidefit of i t ire 

The r e a c t i o n  between t h e  m a t r i x  and f i b e r  was measured 
f o r  each  specimen t e s t e d  i n  s t r e s s - r u p t u r e  and  is  shown i n  Table  
9 .  F i g u r e  1 2  i s  a p l o t  of  t h e  d e p t h  of  p e n e t r a t i o n  as a f u n c t i o n  
of r u p t u r e  time f o r  a l l o y  3 composi tes  c o n t a i n i n g  e i t h e r  O.OOt,- 
i n c h  o r  0.015-inch d iame te r  f i b e r s  f a b r i c a t e d  by  b o t h  t h e  h i g h  
and low t empera tu re  d e n s i f i c a t i o n  t e c h n i q u e s .  For t h e  r u p t u r e  
time i n t e r v a l s  p l o t t e d  t h e  low t empera tu re  d e h s i f i c a t i o n  t e c h n i q u e  
d i d  n o t  change t h e  ra te  of r e a c t i o n  between t h e  f i b e r  and m a t r i x  
f o r  t h e  l a r g e  d i ame te r  f i b e r  compos i t e s .  The d e p t h  of  p e n e t r a t i o n  
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v a l u e s  o b t a i n e d  f o r  composi tes  hav ing  t h e  smaller d i a m e t e r  f i b e r s  
and p r e p a r e d  by t h e  mod i f i ed  t e c h n i q u e  were, however, much less 
t h a n  t h o s e  o b t a i n e d  u s i n g  the  i n i t i a l  f a b r i c a t i o n  t e c h n i q u e ,  as 
shown i n  the p l o t .  It  can  be s e e n  from Tab le  9 t h a t  t h e  d e p t h  
of p e n e t r a t i o n  as a f u n c t i o n  of  r u p t u r e  time is  a p p r o x i m a t e l y  
e q u i v a l e n t  f o r  t h e  3 D  wire and f o r  t h e  218CS wire w h i l e  t h e  NF 
wire has r e a c t i o n  d e p t h s  a p p r o x i m a t e l y  t w i c e  t h o s e  of  the o t h e r  
two wires s t u d i e d .  

S i n c e  the  composi te  sys tems s t u d i e d  were t e s t ed  a t  d i f -  
f e r e n t  s t r e s s e s  and c o n t a i n e d  Varying f i b e r  c o n t e n t s  i t  i s  d i f -  
f i c u l t  e v a l u a t e  which m a t r i x  and wire combina t ions  were t h e  
s t r o n g e s t .  I f  i t  i s  assumed t h a t  the  f i b e r  c a r r i e s  t h e  major  
p o r t i o n  of t he  l o a d  d u r i n g  c r e e p - r u p t u r e  and t ha t  t h e  m a t r i x  
c o n t i r b u t i o n  i s  small, which is a v a l i d  assumpt ion  based upon 
the r e s u l t s  o b t a i n e d  i n  r e f e r e n c e  3, t h e n  the  stress on t h e  
f i b e r  c o n t a i n e d  i n  a composi te  can  be c a l c u l a t e d  as a f u n c t i o n  
of  r u p t u r e  l i f e .  The s t r e s s - c a r r y i n g  c a p a b i l i t i e s  of t h e  wire 
i n  t h e  d i f f e r e n t  m a t r i x  materials can t h e n  be e v a l u a t e d  and a 
d e t e r m i n a t i o n  of  t h e  best  w i r e - m a t r i x  combina t ion  can  be made. 
The stress on t h e  f i b e r  was c a l c u l a t e d  from t h e  composi te  s t ress-  
r u p t u r e  r e s u l t s  a s  a f u n c t i o n  of r u p t u r e  time and i s  p l o t t e d  
i n  f i g u r e  1 3 ( a )  f o r  218CS, 0.008-inch diameter wire .  The s t r e s s  
on t h e  m a t r i x  was n e g l e c t e d  and t h e  specimen l o a d  was d i v i d e d  
by  the  f i b e r  a r e a  c o n t a i n e d  i n  t h e  compos i t e .  The data u s e d  
f o r  t h e  stress on 0.008-inch d i a m e t e r ,  218CS wire, were t aken  
from a l l o y  3 m a t r i x  composi tes  f a b r i c a t e d  u s i n g  t h e  modi f ied  
t e c h n i q u e .  A l l o y  3 a p p e a r s  t o  be t h e  best  m a t r i x  a l l o y  f o r  
c r e e p - r u p t u r e  a t  20000 F .  Approximately 65  p e r c e n t  of t h e  propel’- 
t i e s  of t he  wire are r e t a i n e d  i n  t h e  composi te  f o r  a r u p t u r e  
l i f e  o f  100 hour s .  F i g u r e  1 3 ( b )  is a p l o t  of  t h e  stress on t h e  
f i b e r  v e r s u s  r u p t u r e  l i f e  f o r  composi tes  c o n t a i n i n g  the l a r g e  
d i a m e t e r  f i b e r s .  Data f o r  t h e  stress on a n  u n r e a c t e d  f i b e r  and 
f o r  the  f i b e r  from composi tes  of a l l o y  3 c o n t a i n i n g  0.008-inch 
diameter f i b e r s  are  a l s o  p l o t t e d  f o r  comparison.  The stress con- 
t r i b u t i o n  of t h e  218CS wire and NF wire a p p e a r  t o  be e q u i v a l e n t .  
Approximately 90 p e r c e n t  of the  p r o p e r t i e s  o f  t h e  218CS wire 
is r e t a i n e d  i n  t h e  composi te  f o r  r u p t u r e  i n  100 h o u r s .  I t  can 
be s e e n  t h a t  t h e  stress t o  cause  r u p t u r e  f o r  times exceed ing  30 
h o u r s  is h ighe r  f o r  the l a r g e  d i ame te r  f ibers  t h a n  f o r  t h e  smaller 
diameter f i b e r s .  Fo r  s h o r t  time a p p l i c a t i o n s  r e i n f o r c e m e n t  
w i t h  t h e  smaller diameter f i b e r s  is s u p e r i o r  t o  l a r g e  diameter 
f i b e r  r e i n f o r c e m e n t  whi le  f o r  l o n g  t ime a p p l i c a t i o n s  t h e  l a r g e r  
diameter f i b e r s  are s u p e r i o r .  The p l o t  can a l s o  be used  t o  
de t e rmine  t h e  s t r e s s - r u p t u r e  p r o p e r t i e s  of composi tes  c o n t a i n i n g  
v a r y i n g  voiume f r a c t i o n s  of f ibers .  The stress on the: f i b e r s  t~ 
cause  r u p t u r e  i n  a s p e c i f i c  time is m u l t i p l i e d  by the  volume 
f r a c t i o n  of f i b e r  c o n t a i n e d  i n  the  composi te .  From t h e  data 
shown i n  t h e  p l o t ,  f o r  example, I t  would be e x p e c t e d  t h a t  a 
composi te  c o n t a i n i n g  t h e  l m g e r  diameter f i b e r s  and  hav ing  a f i b e r  
c o n t e n t  of  70 volume p e r c e n t  would have a 100 hour  s t r e s s - r u p t u r e  



s t r e n g t h  of 35,000 p s i  (0 .70  x 50,000 p s i )  a t  2000' F .  F i g u r e  
1 3 ( c )  i s  a p l o t  of t h e  stress on t h e  large d i a m e t e r . f i b e r s  con- 
t a i n e d  i n  compos i t e s  of a l l o y  3 and t e s t ed  a t  2200° F .  The 
p r o p e r t i e s  i n  s t r e s s - r u p t u r e  of  t h e  u n r e a c t e d  f i b e r s  i s  a l s o  
shown. A much grea te r  loss i n  t h e  f i b e r s  p r o p e r t i e s  i n  t h e  
composi te  o c c u r s  a t  t h i s  t e m p e r a t u r e  t h a n  a t  2000" F .  Less 
t h a n  50 p e r c e n t  of  t h e  p r o p e r t i e s  of t h e  218CS f i b e r  i s  r e t a i n e d  
i n  t h e  composi te  f o r  a r u p t u r e  l i f e  of 100 h o u r s .  Less  t h a n  
4 0  p e r c e n t  of  t h e  p r o p e r t i e s  f o r  t h e  r e a c t e d  NF wire i s  r e t a i n e d .  

DISCUSSION 

Composites were produced h a v i n g  s t r e s s - r u p t u r e  p r o p e r t i e s  
s u p e r i o r  t o  c o n v e n t i o n a l  s u p e r a l l o y s  a t  u s e  t e m p e r a t u r e s  of 
'2000 and 2200' F .  
r u p t u r e  i n  100 and 1000 hours  v e r s u s  t e s t  t e m p e r a t u r e  f o r  a l l o y  
3 compos i t e s  c o n t a i n i n g  70 volume p e r c e n t  l a r g e  d i a m e t e r  (0.015- 
i n c h  diameter 218CS and 0.020-inch diameter NF) f i b e r s  as com- 
p a r e d  t o  one of  t h e  bes t  n i c k e l  base a l l o y s ,  M22VC (Ref .  11). 
The 100 hour  c r e e p - r u p t u r e  s t r e n g t h  o b t a i n a b l e  for t h e  composi te  
a t  2000' F i s  35,000 p s i  a s  compared t o  11,500 p s i  f o r  t h e  b e s t  
n i c k e l  a l l o y , w h i l e  a t  2200' F t h e  100 hour  c r e e p - r u p t u r e  
s t r e n g t h  o b t a i n a b l e  f o r  t h e  composi te  was 14,000 p s i  as compared 
t o  4000 p s i  f o r  t h e  n i c k e l  a l l o y .  The 100 hour  r u p t u r e  s t r e n g t h  
f o r  t h e  composi te  a t  2000° F re  r e s e n t s  a u s e  t e m p e r a t u r e  advan tage  
o v e r  M22VC of approx ima te ly  2OOg F .  Data were n o t  o b t a i n e d  a t  
a s t ress  l e v e l  of 35,000 p s i  f o r  t h e  composi te  specimens t e s t ed  
a t  2000° F because  of  t h e  l i m i t e d  number o f  specimens produced  
w i t h  h i g h  volume p e r c e n t  f i b e r  c o n t e n t s .  Lower stress l e v e l s  
were used  f o r  specimens w i t h  lower  f i b e r  c o n t e n t s  t o  g i v e  t e s t s  
w i t h  r e a s o n a b l y  l o n g  r u p t u r e  l i v e s  i n  o r d e r  t o  e v a l u a t e  t h e  
r e a c t i o n  between t h e  f i b e r  and  m a t r i x  material a f te r  l o n g  expo-  
s u r e  times. Data we:>e o b t a i n e d  f o r  such  compos i t e s  i n  which 
t h e  stress on t h e  f i b e r ,  t he  s t r e n g t h  c o n t r o l l i n g  component, 
!;as nT.rer 50jOO0 p s i  2nd exposiire time was over  300 hoii rs .  The 
d e p t h  of p e n e t r a t i o n  and f i b e r  s t r e s s - r u p t u r e  data were ob- 
t a i n e d  w i t h  more e a s i l y  produced, lower  f i b e r  c o n t e n t  b i l l e t s .  
Specimens of 7 0  volume p e r c e n t  f i b e r  c o n t e n t s  can  be r e p r o d u c i b l y  
f a b r i c a t e d  w i t h  t h e  t e c h n i q u e s  e v o l v e d  i n  t h i s  i n v e s t i g a t i o n ,  
i n  f a c t  spec imens  w i t h  over  7 5  volume p e r c e n t  f i b e r  c o n t e n t s  can 
b e  made.  A s  shorn i n  t h e  R e s u l k s e c t i o n ,  t h e  data o b t a i n e d  i n  
t h i s  i n v e s t i g a t i o n  can  be used  t o  d e t e r m i n e  t h e  100 and 100 hour  
s t r e s s - r u p t u r e  s t r e n g t h  of compos i t e s  c o n t a i n i n g  70  volume p e r -  
c e n t  f i b e r  c o n t e n t s .  

F i g u r e  1 4  i s  a p l o t  of  t h e  s t ress  t o  c a u s e  

The  d e n s i t y  of  t h e  composi te  material  i s  much g rea t e r  
t h a n  t h a t  of t h e  n i c k e l  a l l o y  and must be t a k e n  i n t o  c o n s i d e r a -  
t i o n .  The t e n s i l e  s t r e s s e s  i n  t u r b i n e  b l a d e s ,  f o r  example,  a r e  a 
Yesu l t  of c e n t r i f u g a l  l o a d i n g  and t h e r e f o r e  t h e  d e n s i t y  of  t h e  
material  i s  i m p o r t a n t .  Tungsten has  a d e n s i t y  a b o u t  2 . 3  times 
t h a t  of most n i c k e l  base a l l o y s  and  a composi te  c o n t a i n i n g  70 
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volume p e r c e n t  t u n g s t e n  f ibers  has a d e n s i t y  a p p r o x i m a t e l y  1 . 9  
times t h a t  of most n i c k e l  base a l l o y s .  On a s p e c i f l c  s t r e n g t h  
basis t h e  t empera tu re  advan tage  o f  t h e  composi te  i s  t h u s  r educed .  
F i g u r e  15(a)  is a p l o t  of t h e  r a t i o  of s tress t o  cause  r u p t u r e  t o  
d e n s i t y  ( s p e c i f i c  r u p t u r e  s t r e n g t h )  v e r s u s  time t o  r u p t u r e  f o r  
a l l o y  3 composi te  r e i n f o r c e d  w i t h  b o t h  50 and 70 volume p e r c e n t  
wire compared w i t h  u n r e i n f o r c e d  a l l o y  3 and  M22VC a t  a test 
t e m p e r a t u r e  of 2000' F .  
wire g i v e  t h e  same r e s u l t .  The 70 vclume p e r c e n t  r e i n f o r c e d  
composi te  i s  more t h a n  5 t imes,as  s t r o n g  f o r  a 100 hour  r u p t u r e  
l i f e  thari f o r  t h e  u n r e i n f o r c e d  a l l o y  3, based upon a s p e c i f i c  
s t r e n g t h  c o n s i d e r a t i o n .  A comparison was a l s o  made w i t h  M22VC. 
The 7 0  volume p e r c e n t  f i b e r  r e i n f o r c e d  composi te  i s  a p p r o x i m a t e l y  
60 p e r c e n t  be t te r  t h a n  t h e  M22VC a l l o y  f o r  r u p t u r e  i n  100 h o u r s  
and 3 times as s t r o n g  f o r  r u p t u r e  i n  1000 h o u r s .  The same t y p e  
of p l o t  and  cornparisons are shown i n  f i g u r e  1 5 ( b )  f o r  specimens 
t e s t e d  a t  2200 F .  The 70 volume p e r c e n t  f i b e r  r e i n f o r c e d  com- 
p o s i t e  is 2 times as s t r o n g  as t h e  M22VC a l l o y  f o r  100 hour  
r u p t u r e  l i f e  and 2 .5  times as s t r o n g  f o r  a n  e x p e c t e d  1000 hour  
r u p t u r e  l i f e .  

E i t h e r  20 m i l  NF wire o r  15 m i l  218CS 

The s p e c i f i c  s t r e n g t h  f o r  r u p t u r e  i n  100 hour s  and 1000 
hour s  v e r s u s  t e s t  t empera tu re  i s  p l o t t e d  i n  f i g u r e  1 6  f o r  a com- 
p o s i t e  r e i n f o r c e d  w i t h  7 0  volume p e r c e n t  f i b e r  and  f o r  M22VC. 
The advantage  o f  t h e  composi te  i n c r e a s e s  w i t h  t h e  u s e  tempera- 
t u r e  from 2000' F t o  2200° F .  A t  2000° F t h e  stress t o  d e n s i t y  
r a t i o  of the composi te  f o r  r u p t u r e  i n  100 h o u r s  i s  5 7 . 5  x lo3 
i n c h e s .  A t  t h e  same s t r e n g t h  t o  d e n s i t y  r a t i o  M22VC f a i l s  in 
r u p t u r e  a t  100 h o u r s  a t  1 9 2 5 O  F .  The u s e  t e m p e r a t u r e  advan tage  
of t h e  composi te  a t  t h i s  p a r t i c u l a r  s t r e n g t h  t o  d e n s i t y  r a t i o  
and r u p t u r e  time i s  t h u s  7 5 O  F .  If t h e  stress t o  d e n s i t y  r a t i o  
f o r  r u p t u r e  i n  100 hour s  a t  2200° F f o r  t h e  composi te  i s  con- 
s idered ,  then  a u s e  t empera tu re  advan tage  of 140° F i s  o b t a i n e d .  
Fo r  l o n g  t ime a p p l i c a t i o n s  t h e  composi te  shows even  b e t t e r  u s e  
t e m p e r a t u r e  advantage  o v e r  M22VC. The u s e  t empera tu re  advantage  
f o r  r u p t u r e  i n  1000 h o u r s  f o r  t h e  composi te ,  f o r  example,  i s  
130° F based upon i t s  2000° F s t r e n g t h  and 170' F based upon its 
p r o p e r t i e s  a t  2200° F .  

Al loy ing  E f f e c t  on P r o p e r t i e s  

Composite s t r e n g t h  can  be related t o  t h e  c o m p a t i b i l i t y  
w i t h  t h e  m a t r i x  material. S t r o n g e r  composi tes  were produced 
w i t h  m a t r i x  materials which r e a c t e d  l e s s  w i t h  t h e  f i b e r s  t h a n  
t h o s e  which were less  compat ib le  w i t h  t h e  f i b e r s .  Al loy  5 
which was found t o  be the most r e a c t i v e  material w i t h  t h e  f i b e r  
a lso r e s u l t e d  i n  t h e  p o o r e s t  composi te  p r o p e r t i e s ,  w h i l e  a l l o y  
3,  which was found t o  be t h e  least  r e a c t i v e  m a t r i x  material, 
produced the s t r o n g e s t  composi tes  i n  s t r e s s - r u p t u r e .  

N icke l  a l l o y s  c o n t a i n i n g  t i t a n i u m  and  aluminum a d d i t i o n s ,  
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a l l o y s  3 and  7,  appea red  t o  be more compa t ib l e  w i t h  t h e  f i b e r s  
i n v e s t i g a t e d  t h a n  n i c k e l  a l l o y s  which d i d  n o t  c o n t a i n  t h e s e  
a d d i t i v e s ,  a l l o y s  1 a n d . 5 .  The r e a c t i o n  between t h e  m u t u a l l y  
s o l u b l e  f i b e r  and m a t r i x  m a t e r i a l s  was l i m i t e d  t o  a p p r o x i m a t e l y  
1 . 2 5  m i l s  a f t e r  exposure  f o r  100 hour s  a t  2000' F .  
composi te  s t r e n g t h  might  be o b t a i n e d  by f u r t h e r  m o d i f i c a t i o n  
of t h e  m a t r i x  compos i t ion .  

Higher  

The r e f r a c t o r y  wire composi t ion  a l s o  i n f l u e n c e s  t h e  com- 
p a t i b i l i t y  between t h e  f i b e r  and m a t r i x .  218CS and 3 D  ( t u n g -  
s t e n - 3  p e r c e n t  rhenium)  wire were more compa t ib l e  w i t h  t h e  
n i c k e l  a l l o y s  i n v e s t l g a t e d  t h a n  were NF ( t u n g s t e n - 1  p e r c e n t  
t h o r i a )  or TZM ( a  molybdenum a l l o y )  wires. The r e a c t i o n  w i t h  
NF wire was t w i c e  as g r e a t  as w i t h  t h e  218CS or 3 D  wire f o r  
100 hour  exposure  a t  2000° F .  The TZM wire comple t e ly  r e a c t e d  
w i t h  t h e  n i c k e l  a l l o y s  d u r i n g  f a b r i c a t i o n .  The s t r e n g t h  re- 
t e n t i o n  of w L r e s  hav ing  t h e  b e t t e r  c o m p a t i b i l i t y  was g r e a t e r  
t h a n  t h o s e  f i b e r s  having  poore r  c o m p a t i b i l i t y .  

Op t imiza t ion  of Wire S i z e  

The f i b e r  c o n t r i b u t i o n  t o  t h e  composi te  s t r e n g t h  can  be 
i n c r e a s e d  i f  t h e  e f f e c t  of loss i n  s t r e n g t h  of t h e  f i b e r  due 
t o  a l l o y i n g  r e a c t i o n s  can be d e c r e a s e d .  To do t h i s  one m u s t  
l i m i t  t h e  r e a c t i o n  w i t h  t h e  f i b e r  or l i m i t  t h e  e f f e c t  of t h e  
1-eact ion M - t h e  f i b e r  s t r e n g t h  c o n t r i b u t i o n  t o  t h e  composi te .  
The e f f e c t  of t h e  a l l o y i n g  r e a c t i o n  on f i b e r  s t r e n g t h  can  be 
r educed  by v a r y i n g  t h e  wire  diameter of t h e  r e i n f o r c i n g  mate- 
r i a l .  S i n c e  t h e  d e c r e a s e  i n  f i b e r  s t r e n g t h  w i t h  time governs  
t h e  s t r e s s - r u p t u r e  p r o p e r t i e s  of t h e  composi te  i t  i s  n e c e s s a r y  
t o  l i m i t  t h i s  d e c r e a s e .  The ra te  of p e n e t r a t i o n  of t h e  m a t r i x  
l n t o  t h e  f i b e r  would be expec ted  t o  be n e a r l y  c o n s t a n t  r e g a r d -  
l e s s  of  t h e  d i ame te r  of t h e  f i b e r  used .  The f r a c t i o n  of f i b e r  
a r e a  r e a c t e d  w i t h  t i c e ,  however, would be l ess  as t h e  f i b e r  
u 4i3mn+a- J.-&&,L "b L is i n c r e a i e d ,  If for example a t  t h e  end  of 100 hour s  
exposure  a t  a s p e c i f i c  t empera tu re  t h e  d e p t h  of p e n e t r a t i o n  
l n t o  t h e  wire i s  2 mils then  75 p e r c e n t  of an  Y m i l  w i r e  would 
have been r e a c t e J ,  wh i l e  on ly  36 p e r c e n t  of  a 20 m i l  diameter 
f i b e r  would have been r e a c t e d .  S m a l l e r  d i a m e t e r  wire, however, 
i s  g e n e r a l l y  s t r o n g e r  than  l a r g e r  diameter wire s o  t h a t  b o t h  
f a c t o r s  must be cons ide red  as t h e y  a f f e c t  t h e  s t r e n g t h  of t h e  
r e a c t e d  f i b e r .  .A g r a p h i c a l  t e c h n i q u e  was used  t o  i l l u s t r a t e  
s c h e m a t i c a l l y  t h e  v a r i a t i o n  of composi te  s t r e n g t h  as a f u n c t i o n  
d f  w i re  s i z e  and d e p t h  of r e a c t i o n  of  t h e  w i r e  w i t h  t h e  m a t r i x .  
T t  i s  assumed t h a t  f o r  a s p e c i f i c  r u p t u r e  l i f e ,  t h e  s t r e s s - r u p t u r e  
p r o p e r t i e s  of t h e  a l l o y e d  zone of  t h e  f i b e r  i s  c o n s t a n t  f o r  all 
wire  diameters a n 3  t h a t  t he  u n r e a c t e d  p o r t i o n  of  t h e  f i b e r  c a r r i e s  
a s t ress  a t  t h e  s p e c i f i c  r u p t u r e  time e q u a l  t o  t h a t  of a f i b e r  
c a r r y i n g  c a p a b i l i t i e s  of t h e  f i b e r  i s  p r o p o r t i o n a l  t o  t h e  volume 
f r a c t i o n  of t h e  two zones  p r e s e n t  i n  t h e  f i b e r .  Using t h e s e  
a s sumpt ions  t h e  p l o t  shbwn i n  f i g u r e  1 7 ( a )  can b e  c o n s t r u c t e d .  
T?e s t r e s s  on t h e  r e a c t e d  f i b e r  f o r  a r u p t u r e  l i f e  of 100 hour s  
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i s  p l o t t e d  v e r s u s  t h e  r e a c t i o n  d e p t h  of t h e  f i b e r  f o r  v a r y i n g  
w i r e  d i a m e t e r .  The p l o t  shows t h a t  f o r  r e a c t i o n  d e p t h s  less  
t h a n  approx ima te ly  1 m i l  t h a t  t h e  e i g h t  m i l  wire I s '  s t r o n g e r  
t h a n  t h e  o t h e r  wire s i z e s  b u t  a t  g r e a t e r  r e a c t i o n  d e p t h s  t h e  
l a r g e r  d i ame te r  f i b e r s  are s t r o n g e r .  T h i s  i s  c o n s i s t e n t  w i t h  
t h e  r e s u l t s  o b t a i n e d  on composi tes  c o n t a i n i n g  v a r i o u s  wire 
diameter f i b e r s  i n  t h a t  f o r  s h o r t  time a p p l i c a t i o n s  where t h e  
d e p t h  of r e a c t i o n  was small t h e  smaller d i a m e t e r  f i b e r - c o n -  
t a i n i n g  composi tes  were s t r o n g e r  and  f o r  l o n g  time a p p l i c a t i o n s  
t h e  l a r g e r  diameter f i b e r - c o n t a i n i n g  compos i t e s  were s t r o n g e r .  
The p l o t  shown i n d i c a t e s  t h a t  .there i s  a n  optimum wire s i z e ,  
dependent  upon t h e  d e p t h  of r e a c t i o n ,  which s h o u l d  g i v e  t h e  
b e s t  s t r e n g t h  c o n t r i b u t i o n  t o  t he  compos i t e .  F i g u r e  1 7 ( b )  i s  
a p l o t  of t h e  s t r e s s  on t h e  r e a c t e d  f i b e r  f o r  r u p t u r e  i n  100 
hour s  v e r s u s  wi re  diameter as a f u n c t i o n  of  v a r y i n g  r e a c t i o n  
d e p t h s .  The s t r a i g h t  l i n e  drawn th rough  t h e  c u r v e s  i s  a n  
approx ima t ion  of  t h e  optimum wire s i z e  f o r  u s e  a t  t h e  s p e c i f i c  
r e a c t i o n  d e p t h s  a f t e r  exposure  f o r  100 h o u r s  a t  20000 F .  The 
optimum w i r e  s i z e  i s  t h a t  wire diameter wh ich  w i l l  y i e l d  t h e  
h i g h e s t  f i b e r  stress c o n t r i b u t i o n  t o  t h e  composi te  a t  a s p e c i -  
f i c  r e a c t i o n  d e p t h .  F i g u r e  18 i s  a p l o t  of  t h e  optimum wire 
d i a m e t e r  v e r s u s  t h e  d e p t h  of p e n e t r a t i o n  or r e a c t i o n .  R e a c t i o n  
d e p t h s  of approx ima te ly  1.3 m i l s  a f t e r  exposure  f o r  100 hour s  
were o b t a i n e d  f o r  composi tes  hav ing  218CS wi re  as t h e  r e i n -  
fo rcemen t .  The optimum wire diameter f o r  r u p t u r e  i n  100 hour s  
i s  seen  t o  be approx ima te ly  11 m i l s  based upon the  a s sumpt ions  
used  t o  c o n s t r u c t  t h e  p l o t .  Although 1 1 - m i l  d i a m e t e r  wire was 
n o t  used  i n  t h i s  i n v e s t i g a t i o n  t o  v a r i f y  t h e  v a l i d i t y  of t h i s  
t e c h n i q u e ,  t he  r e s u l t s  of t h e  d a t a  o b t a i n e d  i n  t h i s  s t u d y  i n -  
d i c a t e  t h a t  t h e  optimum wire s i z e  f o r  100 hour  c r e e p - r u p t u r e  
a t  2000° F i s  between 8 m i l s  and  15 m i l s .  The t echn ique  i s  
p r e s e n t e d  on ly  t o  show t h a t  t h e  wire diamter of t h e  r e i n f o r c i n g  
f i b e r  must be t a k e n  i n t o  c o n s i d e r a t i o n  when d e s i g n i n g  a com- 
p o s i t e  i n  w h i c h  r e a c t i o n  w i t h  t h e  m a t r i x  o c c u r s .  An i n h e r e n t  
assumpt ion  i n  t h e  above d i s c u s s i o n  i s  t h a t  t h e  l a r g e r  diameter 
w i r e s  are  s u f f i c i e n t l y  l o n g  t o  p r e c l u d e  s h e a r - p u l l  o u t  of  t h e  
f i b e r . .  I n c r e a s i n g  diameter can r educe  t h e  e f f e c t i v e  s t r e n g t h  
of f i b e r  composi tes  as t h e  f i b e r  l e n g t h  approaches  t h e  c r i t i c a l  
l e n g t h .  

CONCLUDING REMARKS 

S u b s t a n t i a l  improvements i n  c r e e p - r u p t u r e  s t r e n g t h  have 
been a c h i e v e d  by r e i n f o r c i n g  n i c k e l  base a l l o y s  w i t h  t u n g s t e n  
wi res .  On a s p e c i f i c  s t r e n g t h  basis  t h i s  g a i n  i s  reduced  
ewing te t he  h i g h  d&IISity of t h e  t u n g s t e n  wires. None the le s s ,  
t h e  composi te  material  i s  s u p e r i o r  t o  c u r r e n t  n i c k e l  base a l l o y s  
f o r  u s e  a t  2000 and 2200' F .  Composites c o n t a i n i n g  up t o  7 0  
volume p e r c e n t  f i b e r  c o n t e n t s  were f a b r i c a t e d  u s i n g  t h e  p ro -  
c e d u r e s  deve loped .  The f a b r i c a t i o n  p rocedure  and the composi- 
t i o n  of t h e  a l l o y  m a t r i x  materials used  l i m i t e d  t h e  e x t e n t  of  
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t h e  r e a c t i o n  w i t h  t he  f i b e r  t o  a p p r o x i m a t e l y  1 . 2 5  m i l s  i n  100 
h o u r s  a t  20000 F .  The h igh  volume p e r c e n t  f i b e r  c o n t e n t s  and  
l i m i t e d  m a t r i x  r e a c t i o n  w i t h  t h e  f i b e r  produced t u n g s t e n  
f i b e r  r e i n f o r c e d  n i c k e l  a l l o y  compos i t e s  w i t h  p r o p e r t i e s  a t  
2000 and 2200' F s u p e r i o r  t o  t h o s e  t h e  best n i c k e l  base a l l o y s  
a v a i l a b l e .  These r e s u l t s  t h u s  i n d i c a t e  t h a t  t h e  r e a c t i v i t y  be- 
tween r e f r a c t o r y  f ibers  and n i c k e l  base a l l o y s  can be minimized 
t o  o b t a i n  s t r o n g  f i b e r  r e i n f o r c e d  compos i t e s  f o r  u s e  a t  20000 F 
and  above .  The i n f o r m a t i o n  g a i n e d  c o n c e r n i n g  t h e  d e g r e e  o f  
r e a c t i v i t y  between t h e  f i b e r  and m a t r i x  would serve t o  gu ide  
subsequen t  i n v e s t i g a t i o n s  t o  o b t a i n  even s t r o n g e r  composi tes  
t h a n  t h o s e  of t h e  c u r r e n t  i n v e s t i g a t i o n .  These s t r o n g e r  corn- 
p o s i t e s  would u l t i l i z e  improved r e f r a c t o r y  metal wires c u r r e n t l y  
under  development .  
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CONCLUSIONS AND SUMMARY OF RESULTS 

T h i s  i n v e s t i g a t i o n  w a s  conducted  t o  produce f i b e r  r e i n f o r c e d  
s u p e r a l l o y  composi tes  having  s t r e s s - r u p t u r e  p r o p e r t i e s  s u p e r i o r  
t o  c o n v e n t i o n a l  s u p e r a l l o y s  a t  u s e  t e m p e r a t u r e s  of 2000 a n 3  
2200' F .  I t  was a l s o  in t ended  t o  de t e rmine  whe the r  v a r i a t i o n s  
i n  t h e  m a t r i x  composition would promote c o m p a t i b i l i t y  be tween  t h e  
m a t r i x  and t h e  f i b e r  t o  enhance composi te  s t r e n g t h .  The  r e s u l t s  
o b t a i n e d  

1. 

2 .  

3. 

l e 3  t o  the f o l l o w i n g  c o n c l u s i o n s  o r  r e s u l t s .  

Composites were produced hav ing  s t r e s s - r u p t u r e  prope:-- 
t i e s  supe r io : ?  t o  c o n v e n t i o n a l  s u p e r a l l o y s  a t  u s e  
t e m p e r a t u r e s  of  2000 and 2200° F.  The 100 hour stress- 
nup tu re  s t r e n g t h  o b t a i n e d  f o r  the  composi te  a t  200W F 
was 35,000 p s i  as compared t o  11,500 p s i  foil t h e  b e s t  
n i c k e l  a l l o y , w h i l e  a t  2200' F t h e  100 hour s t r e s - r u p t u r * e  
s t r e n g t h  f o r  t h e  composi te  was 14,000 p s i  as compared 
t o  4000 p s i  f o r  t he  n i c k e l  a l l o y .  The u s e  t empera tu re  of 
t h e  composi te  based upon d e n s i t y  c o n s i d e r a t i o n s  was 
140' F h i g h e r  t han  the  best  n i c k e l a l l o y  f o r  s p e c i f i c  
s t r e n g t h  t o  cause r u p t u r e  i n  100 hour s  aiId 170° F h i g h e r  
f o r  s p e c i f i c  s t r e n g t h  t o  cause  r u p t u r e  i n  1000 h o u r s .  

Composite s t r e n g t h  i s  re la ted t o  t h e  c o m p a t i b i l i t y  o f  
t h e  r e i n f o r c i n g  f i b e r  w i t h  t h e  m a t r i x  mater ia l .  The 
g r e a t e r  t h e  r e a c t i o n  between the  m a t r i x  and t h e  f i b e r  
t h e  lower t h e  s t r e n g t h  p r o p e r t i e s  of t h e  compos i t e .  

N icke l  a l l o y s  c o n t a i n i n g  t i t a n i u m  and aluminum a d d i t i o n s  
were more compat ib le  w i t h  t h e  f i b e r s  i n v e s t i g a t e d  thhn  
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n i c k e l  a l l o y s  which d i d  n o t  c o n t a i n  these a d d i t i v e s .  
I n  those  composi tes  c o n t a i n i n g  these n i c k e l  a l l o y s ,  t h e  
r e a c t i o n  between the m u t u a l l y  s o l u b l e  f i b e r  a n d  m a t r i x  
materials was l i m i t e d  t o  a p p r o x i m a t e l y  1.25 m i l s  a f t e r  
exposure  f o r  100 hour s  a t  2000O F .  T h i s  s u g g e s t s  t h a t  
c o m p a t i b i l i t y  between t h e  f i b e r  and  t h e  m a t r i x  might  
be f u r t h e r  improved i f  t h e  p e r c e n t a g e s  of t h e s e  and 
o t h e r  a d d i t i v e s  be o p t i m i z e d .  Higher  composi te  s t r e n g t h  
would t h u s  be o b t a i n e d .  

4. The r e f r a c t o r y  wire composi t ion  a l s o  i n f l u e n c e s  t h e  com- 
p a t i b i l i t y  between t h e  f i b e r  and  m a t r i x .  The 218CS 
and 3D ( t u n g s t e n - 3  p e r c e n t  rhenium)  wire were more corn- 
p a t i b l e  w i t h  t h e  n i c k e l  a l l o y s  i n v e s t 1  a ted t h a n  were t h e  
NF ( t u n g s t e n - 1  p e r c e n t  t h o r i a )  o r  TZM $a molybdenum a l l o y )  
w i r e .  The r e a c t i o n  w i t h  NF wire was twice  as g r e a t  
as t h a t  w i t h  218CS o r  3 D  wire f o r  100 hour  exposure  
a t  2000' F .  
n i c k e l  a l l o y s  d u r i n g  f a b r i c a t i o n .  

The TZM wire comple t e ly  r e a c t e d  w i t h  t h e  

5 .  Wire d i ame te r  i s  i m p o r t a n t  t o  the  d e s i g n  of  composi tes  
i n  which r e a c t i o n  between t h e  f i be r  and m a t r i x  material 
o c c u r s .  The s t r e n g t h  c o n t r i b u t i o n  o f  t h e  r e a c t e d  f i b e r  
i n  a composi te  can be r e l a t ed  t o  t h e  area f r a c t i o n  of 
the f i b e r  which has been a l l o y e d .  I n  t h i s  s t u d y  t h e  
s t e n g t h  c o n t r i b u t i o n  of  t h e  f i b e r  d e c r e a s e d  as the  a r e a  
f r a c t i o n  of  t h e  a l l o y e d  p o r t i o n  of  t h e  f i b e r  i n c r e a s e d .  
As t h e  f i b e r  diameter i n c r e a s e d ,  however, the  u n a l l o y e d  
f i b e r  s t r e n g t h  g e n e r a l l y  d e c r e a s e d .  A t e c h n i q u e  has 
been developed  which takes i n t o  accoun t  b o t h  o f - t h e s e  
f a c t o r s  and which p e r m i t s  t h e  p r e d i c t i o n  of  composi te  
s t r e n g t h  as a f u n c t i o n  of  wire s i z e  and c o m p a t i b i l i t y  
w i t h  t h e  m a t r i x .  

6 .  F o r  s h o r t  time a p p l i c a t i o n s ,  small diameter f i b e r s  
were more advantageous  t h a n  large diameter 
f i b e r s .  For  l o n g  time a p p l i c a t i o n s ,  however, l a r g e  
d i ame te r  f ibers  were s u p e r i o r .  For  example,' t h e  s t ress -  
r u p t u r e  p r o p e r t i e s  of t h e  larger  diameter f ibe r s  con- 
t a i n e d  i n  a composi te  were reduced  o n l y  10 p e r c e n t  f o r  
r u p t u r e  i n  100 h o u r s  a t  2000' F, as compared t o  u n r e a c t e d  
f i b e r s  tes ted  o u t s i d e  of the composi te  a t  the  same tem- 
p e r a t u r e .  The s t r e s s - r u p t u r e  p r o p e r t i e s  of smaller d i a -  
meter f i b e r s  c o n t a i n e d  i n  composi tes  were reduced  ove r  
30 p e r c e n t  f o r  r u p t u r e  i n  100 hours  a t  20000 Ez as corn- 
pared  t o  f i be r s  t e s t e d  o u t s i d e  o f  t he  composi te .  

7 .  A l i n e a r  r e l a t i o n s h i p  was found t o  e x i s t  between f i b e r  
c o n t e n t  and  r u p t u r e  l i f e  a t  a c o n s t a n t  stress l e v e l  
and t empera tu re  f o r  composi te  sys tems s t u d i e d  i n  t h i s  
i n v e s t i g a t i o n .  

- 
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8 .  The powder m e t a l l u r g y  t e c h n i q u e s  u s e d  i n  t h i s  i n v e s t i g a t i o n  
were c a p a b l e  of p roduc ing  f u l l y  d e n s i f i e d  f i b e r  r e i n f o r c e d  
s u p e r a l l o y  composi tes  c o n t a i n i n g  up  t o  7 0  volume p e r c e n t  
f i b e r  c o n t e n t s .  
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TABLE I.- SELECTED NICKEL.ALLOY MATRIX MATERIALS 

20 

[Nominal Composition of A l l o y  ( w t .  $)  .] 

A l l o y  N o .  A 1  Cb C r  Mo N i  T i  W 

1 - - 20 - 55 - 25 

3 2 - 15 - 5 6  2 25 

5 - 1.25 1 9  4 70.5 - 4 

7 4.2 1.25 15 4 66.8 3.5 4 

TABLE 2 . -  CHEMICAL ANALYSIS OF 

NICKEL ALLOY METAL POWDERS, WT. $ 

A l l o y  A 1  C C r  Cb Mo P 
number 

T a  

- 
- 

1.25 

1.25 

S T i  

1 - 0.0041 19.5 - - 0.0012 <0.001 - 
3 1.96 0.0032 15.19 - - 0.0006 :0.001 1.84 

5 - 0.0037 18.59 1.24 3.92 0.0015 <O.OOl - 
7 4 .15  0.0029 14.86 1.18 3.95 -0.0010 <0.001 3.41 

A l l o y  T a  W N2 02 H2 N i  
number  

1 - 2-1.75 0.0051 0.14 0.0026 b a l .  

3 - 2 4 . 6 1  0.01 0.0063 0.0020 bal. 

5 1.25 4.30 0.0072 0.11 0.0022 b a l  . 
7 ' 1.30 4.33 0.0039 0.53 0.0027 bal. 
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TABLE 3.-  MEASURED DENSITIES OF VACUUM 

CAST N I C K E L  BASE ALLOYS 

Al loy  Dens i ty ,  D e n s i t y ,  
number g/cc * lb/ ln  . 

1 9.67 0.349 

3 9.15 .330 

5 8.72 .315 

7 8.09 ,292 

TABLE 4. - METAL POWDER SLIP COMPOSITIONS AND PROPERTIES 

l o y  Metal Water Marex, V i s c o s i t y  
bel- powder, w t .  ;% w t .  $ a t  

w t .  y: i n f i n i t e  
s h e a r ,  

CPS 

1 90.90 8.98 0.12 1500 

5 39.90 10.00 0.10 3000 

5 90.90 3 . 9 3  0.12 5500 

7 .io . -70 13.97 0.23 3000 

S l i p  P e r c e n t  PH 
d e n s i t y ,  t h e o r e t i c a l  

g / c c  d e n s i t y  
of s l i p  

c a s t i n g  

s . I+ t:o 7 ..1 

5.2 57 7 .4 

5.3 i; 1 7 . 3  

.I . G 57 7 .i; 
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TABLE 5 . -  COMPATIBILITY STUDIES 

A S  PRESSED SPECIMENS 

F a b r i c a t e d  by  High Temperature  D e n s i f i c a t i o n  Technique 

Wire M a t e r i a l  

218 

NF 

3D 

TZM 

218 

NF 

3 D  

TZM 

218 

NF 

3D 

TZM 

218 

NF 

3 D  

TZM 

- 

Alloy 

1 

1 

1 

1 

3 

3 

3 

3 

5 

5 

5 

5 

7 

7 

7 

7 

Depth of p e n e t r a t i o n  

( i n . )  ( c e n t i m e t e r s )  

0.0020 0.00508 

.0025 .00635 

.0015 .00381 

Complete 

.0010 ,00254 

, .0018 .00457 

.0010 .00254 
I -  --I 

Complete 

.00300 .00762 

.00325 .00825 

.00320 .00812 

Complete 

.00075 .00190 

.00150 .00381 

.00100 .00254 

Complete 



TABLE 6 . -  STRESS-RUPTURE I N  100 HOURS FOR WIRE AND 

NICKEL ALLOYS (From f i g s .  6 and 7 )  

WIRE 

T e s t  
temperature 

OF 

2000 

2200 

L O W  

2200 

Material Stress, Stress/Densi ty ,  
P s i  i n .  

0.008” dia .  76,000 
0.008” d i a .  1 70,000 

0.008” d ia .  
0.015” dia. 
0.020” d i a .  

TZM (0.008’ ’  d i a . )  40,000 

54,000 
50 , 000 
46,000 

0.008” dia .  
0.020” d i a .  
0.008” d i a .  

0.015” d i a .  
;_‘18cs (o.onW d i a .  

0.020” d i a .  
TZM (0.008” clia.) 20,000 

i 
3 
5 
7 

1 
3 
5 
7 

NICKEL ALLOY 

1,500 
3,300 
1, ooc, 
3 , 000 

1,000 
1,000 

4 00 
8 70 

110,000 
101 , 000 

92,000 
79,000 
72 , 000 

109,000 

77,000 
72,000 
66,000 
66 , 000 
58,000 
51,000 
55 , 000 

.L y 300 
l W , U W W  ~ r \  nnn 

3,200 
10,200 

2,900 
3 , 000 
1,300 
2,980 
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TABLE 7 . -  STRESS-RUPTURE PROPERTIES OF COMPOSITES TESTED 

AT 2000' F I N  HELIUM 

F a b r i c a t e d  by High Tempera ture  Dens i f ica t ion  Technique  

Al loy  

1 

3 

5 

7 

' 
3 

3 

Wire 

218CS (0.008" d i a .  ) 

218CS (0.0081t d i a . )  

218CS (0.008" d i a .  ) 

218CS ( 0  .OG8" d i a .  ) 

218CS (0.015" d i a . )  

218CS (0.020" d i a .  ) 

T- t e n s i l e  f a i l u r e  
S- s h e a r  f a i lu re  
R -  f a i l u r e  a t  the r a d i u s  

S t r e s s ,  
P s i  

20,000 
25,000 
20 , 000 
15,000 
20,000 
15,000 
15 , 000 
20,000 

15,000 
15,000 
18,000 
15,000 

20 , 000 
15,000 
15 , 000 
20 , 000 
15 , 000 
15,000 
15 , 000 
15 , 000 

15,000 
20,000 
15,000 
15,000 
15,000 

15,000 
20 , 000 
15,000 

20,000 
15 , 000 

L i f e ,  
h r  

35.0 
7.9 

43.4 
3 9 . 1  
16.7 
51.0 

142.7 
30.9 

68.2 
0.2 

25.2 
9.4 

17.3 
13.6 
72.6 
29.4 

7.4 
86.8 

4.5 
5.0 

63.4 
72.4 
'23.0 
61.2 

4.5 

246.6 
95.7 

319.9 

45.5 
285.3 

Type of  
f r a c t u r e  

T 
S 
T 
T 
T 
T 
T 
T 

T 
T 
S 
T 

T 
T 
T 
T 
T 
T 
T 
T 

R 
R 
R 
T 
T 

T 
S 
T 

S 
T 

F i b e r  
c o n t e n t  , 

v/c 

37.7 
37.7 
42.9 
35.1 
29.1 
33.2 
4 4 . 6  
4 1 . 0  

33.6 
1 1 . 6  
41.6 
26.1 

4 4 . 7  
33.4 
43 .O 
11.1 
21.3 
46.2 
26.5 
21.1 

3 1  ..I 
4 4 . 1  
24 .O 
33.8 
16.5 

34.1 
55.8 
44.3 

52.6 
4 1  . G  
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25,000 15.3 37.7 

25,000 86.4 .La. 1 
, 25,000 61.0 59.0 

TABLE 8.- STRESS-RUPTURE PROPERTIES OF COMPOSITES 

FABRICATED BY LOW TEMPERATURE DENSIFICATION TECHNIQUE 

Alloy Wire Stress ,  Life, F i b e r  Test 
P s i  hrs. Content ,  t empera ture ,  

v/o OF 

3 3D (0.008'' d i a . )  15,000 
20,000 
20,000 
20,000 
20,000 
22,000 
25,000 
25,000 

267.1 54.8 
8.2 24.1 

88.2 36.3 
109.7 45.4 
139.7 49.6 

95.2 49.5 
35.7 47.6  
65.6 49.7 

2000 
i 
1 

t 

15,000 7.8 .;3 .s 2200 
15,000 18.7 55.8 2 200 

52 20z10 )C t ,nn 6 1  1 -. 
v ?!P (0.020" 4:s.) L,\I,wwLJ u-t.c . O  

25,000 1 4 1  . - C  59.7 
2S, 0Ou 251. t; 61.5 

30,ObO 127.2 t ; 1  .c  1 

30,000 c07.2 C2.8 1 

30,000 26.1.8 70.3 1 

1 
30,OOb 79.3 59.7 1 

15,000 57.9 6 6 . ;  2200 

Note - A l l  f a i lu re s  were of t e n s i l e  type 



TABLE 9.- REACTION DEPTH AND EXPOSURE TIME FOR COMPOSITES 

F a b r i c a t e d  by Low Temperature  D e n s i f i c a t i o n  Technique 

Alloy 

3 

3 

3 

3 

Wire 
_ - .  

Reac t ion  
dep th ,  

i n  

3D (0.008" d i a . )  0 .00025 
.00045 
.00100 
.00091 
.00100 
.00100 
.00130 
.00180 
.00140 

218CS (0.008" d i a .  ) .00050 
.00075 
.00100 
.00150 
.00125 
.Oc)125 
;mT25 -.-- 

218CS (0.015" d i a .  ) .00037 
.00060 
.00123 
.00125 
.00170 

.00170 

.00170 

NF (0.020" d i a . )  .00063 
.00189 
.00250 
.00250 
.00250 
.00260 
.OD270 
.00310 

.00500 

Exposure 
t ime , 

h r  

1.0 
9.2 
36.7 
66.6 
89.2 
96.6 
110.7 
140.7 
268.1 

. .1.0 
16.3 
42.1 
62.0 
82.3 
87.4' 

Test 

OF 
t e m p e r a t u r e ,  

2000 

1 
2000 

1 .o 
9.5 
96.2 
156.7 
245.4 

7.8 
18.7 

. 1.0 
80.3 
85.2 
128.2 
141.4 
252.6 
265.8 
207.2 

57.9 

2000 
I. 

4 
2200 

1) .  (2200 

2000 

1 
! 
+ 

2200 



Nickel tu be-,? 

-Metal powder 
slip 

rWi res  

,-Filter 
p a w  

r v a c u u m  

c3 
Mechanical 
Pump 

Figure 1. - Slip casting apparatus. 

Figure 2. - Fiber stress-rupture testing apparatus. 



Transverse section 

Longitudinal section 
(a) 218 Alloy wire. 

Figure 3. - Microstructure of wireannealed 100 hours at 2000° Fin helium. Magnification, 
X2M. 



8 
d 
I w 

Transverse section 

Longitudinal section 
(b) TZM alloy wire. 

Figure 3. - Continued. 



,Transverse section 

Longitudinal section 

(c) 3D allay wire. 
Figure 3. - Continued. 



Tnnswrse section 

Longitudinal section 

(d) NF alloy wire. 
Figure 3. - Concluded. 
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Transverse section. X2N. 

Longitudinal section. XlW. 

(a) Alloy 1 (Ni, W, Cr) - 218 wire. 

Figure 4. - Microstructure of high temperature fabricated composites (sintered - 1 hour at 2oOo" F, 
hot pressed - 2 hours at 2ooo" F; 20,OOO psi). 



a 
0 
rl 
d 

w I 

Transverse section. X250. 

Longitudinal section. XlMI. 

(b) Alloy3(Ni,W,Cr,Ti,A1)-218wire. 

ngure 4. - Continued. 



Transverse section. X E D .  

Longitudinal section. XIOO. 

(cl Alloy 5 (Ni, W, Cr, Mo, Cb.TaI-Zl8 wire. 
Figure 4. - Continued. 



. .  

a 
0 
rl 
d 

w I 

Transverse section. X250. 

Longitudinal section. X1W. 

(d) Alloy 7 INi, W. Cr, Mo, Cb,la,Ti, All-218 wire. 

Figure 4. - Continued. 



Transverse section. X250. 

iongitudiiial section. XE. 
(e) Alloy 1 (Ni,W, Cr)-RM wire. 

Figure 4. - Concluded. 



A l l  tests in vacuum 
1x10'5 torr 

0 200(i°F-(L008in. diam. 

m 

v a m- % h A 22UO0F-0.0ZUin. diam. 
--a " 

60- 
v 

- I I I I 1 1 1 1 1  
(a) NF (tungsten -1% Th) wire al2OOO" and 2200" F. w---  - 

0 0.008 in. diam. rnb. 0 a015 in. diam. - 0 (LOP in. diam. 
0- 

do 

m- 
- 

I I 1 1 1 1 1 1  I I I1111 
(b) 218 CS alloy wire at 2OOO" F. 

mld 

E &)I I 1 I 1111Il  I I I I I l l l l  1 I I I I1111 
5; 

(c) 218 CS alloy wire at 2200" F. 
0 2000° F - a008 in. diam. wire 
0 22Wo F - 0.008 in. diam. wire - mu? 

m- 
60- 

a l l  
- 

I I 1 I r id  
30 (tungsten -3% Re) wire at 2OOO" and 2200" F. 

l#Xld 
0 m" F - 0.008 In. diam. w i n  
0 2200' F - 0.008 in. diam. wire 60 

0 

I I I I I l l l l  I I I I I l l l l  I I I I I 1 1 1 1  
lo 100 loo0 

Rupture time. hr 

(el TZM (Mo a 5% a 8 Zr, a015 C) wire at 2OOO" and 2200' F. 

Figure 6. - Wlre ~ p t u m  p w r t i e s .  



50- 

c 
s' 
i 

e 
0 .- 
c - 
c a3 

0 
V 

30 

10 

0 

I I I I I I 
112 114 0 114 112 314 

Figure 5. - Typical concentration versus dislance pld determind by mkropmbc. 

Distance (thousanth d in.) 

Ni 60- 

40- 

- 

W 
20- Cr 

- 

AI n 
Fiber - _  Matrix -I 

3'6 



I I I I I1111 I 1 I I I1111 I I I 1 1 1 1 1 1  
10 loo loo0 

Rupture time, h r  

(b) 2200' F tests in helium. 

Figure 7. - Matrix alloy rupture properties. 

All tests in helium atm 

0 Alloy 3-218CS wire - 0.008 in. diam. 
0 Alloy 5-218CS wire - 0.008 in. diam. 
v Alloy 7-218CS wire - 0.008 in. diam. 
D Alloy 3-218CS wire - 0.015 in. diam. 
p Alloy 3-218CS wire - 0.020 in. dism. 

c! A ! ! g  1-2mr-s *in - R mn in. dim. 

t 6 0  

0 I I I I 1  I I I I  i I I 1 I I I l l  I I I I I I I l l  
1.0 10 loo loo0 

Time to rupture, h r  

Figure 8. - Rupture properties of high temperature fabricated composites at 15. OOO psi and 2oOoo F. 



1x10-2 
All tests In helium 

0 Alloy 1-21ES wire - 0.00s in. diam. 
0 Alloy 3-218CS wire - 0.008 in. diam. 
0 Alloy 5-218CS wire - 0.OOB in. diam. 
v Alloy 7-218CS wire - 0.00s in. darn. 
D Alloy 3-218CS wire - a 015 in. diam. 

c- 

D 
clr' 

n 

6 -  [r - 
I I I I I I I l l  I I I I I 1 1 1 1  I I I  
2 4 6 8 1 0  20 40 60 mioo 200 400 

Time to rupture, hr 

Figure 9. - Effect of time in rupture test at 2oOo" F on penetration depth of high temperature fabricated composites. 



Transverse section 

Longitudinal section 

Figure 10. - Typical microstructure of low temperature fabricated composites sintered at 1MO" F- 
1 hour in hydrogen, pressed at 1500" F-1 hour, 20,OOO psi. X250. 



Al l  tests in helium 
25, WO psi 

1- 
80 = 0 0 Alloy 3-30 wire - 0.008 in. diam. 

- 
40- 

20- 

lo la;AllA 3 2;:; Li! and a& 3 ! 3; w ~ r ~ ~ ~ ~ i t e s  teded a: A ' F !  I I I ' 
Al l  tests in helium 

0 0 Alloy 3-NF wire - 0.020 in. diam. 
0 m ~ l l o y  3-218CS wire - 0.015 in. diam. 

f 
Lc 

10 I i I I I I I I I  I I I I I IIII I I I I11111 
(b) Alloy 3s1F wire and alloy 3-218CS wire composites tested at 2ooo" F. 

15,000 psi 1 0 Alloy 3-NF A l l  wire tests - In 0.020 helium in. diam. 

0 Alloy 3 - Z S  wire - 0.015 In. diam. 

I I 1 I I Ill1 I I I I I II l l  I I I I l l l d  
10 io0 1000 
~~ 

Time to rupture, hr 

(d Alloy 3+F wire and alloy 3-2l8CS wire canpasites tested at 2200" F. 

Figure 11. - Effect d fiber content In rupture life d law temperature fabrication com- 
poskes. 



All k t s  in helium I 
o AIIO 3-218CS wire - 0.008 in. diam. 

0 Alloy 3-218cS wire - a 008 In. dbm. 

Alloy 3-218cs wire - 0.015 In. a m .  

0 Alloy 3-21ES wire - 0.015 in. dlam. 

(h&h temperature fabrication technique) 

(lw temperature fabrication technique) 

(Iw temperature fabrication technique) 

(high temperature fabrication Irchnique) 0 

0 
0 

c' 

- Is- 
5 - 1x10'3 

6 -  
s 

n 

- 
I I I 1 1 1 1 1 1  I I I I 1  I l l 1  I I 1  
2 4 6 8 l O  P 40 60 a0100 Po 400 

Rupture tima, hr 

Figure I2 - Effect of fabrication process and w i n  diameter on depth of penetration In rupture test at 2oOo" F. 



Matrix 
material 

IOXldl 

0 Alloy 1 
0 Alloy3 
0 Alloy5 
a Alloy7 

Wire test Composite 
environment fabrication 

technique 

r1~10-5 torr 

Alloy 1 High temp. 
Alloy 5 High temp. 

1 I I I I I I l l 1  I I I l l l l l  I I I I I l l l l  
(a) 218CS wire - 0.008 inch diameter tested at 2oOo" F in alloys U,3, 5 and 71. 

l0x ld l  

0 0 
z- 4 

I e 
- 

- -~ 
0 Alloy 3-218CS wire - 0.015 in. diam. 
13 Alloy 3-NF wire - 0.020 in. diam. 

kl.008 in. diam.. - II) 

2 - 218-CS wire in alloy 3 - 
LL 

(b) 0.fJE inLh ~ i a ! n ~ e ~ ~ ~ ~ S  wir / in  aboy b :n: d.:: inch diimet:r NL i i r \  I,' I '  

0 Alloy 3-218CS wire - 0.015 in. diam. 
0 Alloy 3-NF wire - 0.020 in. diam. 

alloy 3 tested at 2oOo" F. 

1 in. dam. wire NF+l.020 

- 
- L Unreaded 218CS- \ '  0.015 in. diam. wire 

4- 

2- 

I I I I I Ill1 I I I l l l l l l  I I I I Ill1 
1 2 4 6 8 1 0  20 40 6 o 8 o i m  200 400600 io00 

Time to rupture, hr 

(c) 0.015 inch diameter 218CS wire in alloy 3 and 0.020 inch diameter NF wire in 

Figure 13. - Rupture properties of wire in composites compared with wire tested in 

alloy 3 tested at 2200" F. 

vacuum. 



a- 
60- 

L 

= 40- 8 
$ 
8 

E 

2 
x 

.- ;.a 
s 
a s  

10 

U 

VI VI 

e 

2 

- 
- 

100 hours composite (70 vd. % fiber) 
Alloy 3-218CSKLOl5 in. dkm. or 
NF (0.020 in. dam. 1 wire 

lo#) hours composite (70 vd. % fiber) 
Alloy 3-218CS (O.Ol5 in. dam. 1 or ;q Nf CO.Oa0 In. dkm) wire 

- IO0 hours (M22VC) 
6- 

4- 
- 1000 hours ( M M I C )  

1 I I I 
la00 1900 m 2100 2200 



l00xld 

- 

Alloy 3 + 70 vol. % (0.02 in. NF 

'LAllay 3 + 50 vol. % (0.02 in. NF 40- 

- 
20- 

- Matrix alloy 3 
n l  I I I I I I I I I  I I I I I l l 1 1  

(a) 2oOo'' F strength. 

i .- 

\ Allay 3 + 70 vd. % (0.02 NF or 0.015 - 218CS wire) . 

lo I- - 

I I I I I l l l l  I 1 I I I I l l 1  I I I I I I l l ]  
0 ! 10 100 lo00 

Time to rupture, hr 

(b) 2200" F strength. 

Figure 15. - Comparison of specific rupture strength of 70 volume percent composites, M22VC supealloy and 
matrix alloy 3. 



100 hour (composite - 70 vol. % fiber) 
Alloy 3 - (0.02 in. diam. NF or 

60x103 
.- 6 I 100 hour(M22VC) 

5 50- 
vi 

loo0 hour ~ m p o s i t e  - 
70 vol. % fiber) Alloy 3 - 
(Q 02 in. diam. NF or  
0.015 in. diam. 2183 
wire) 

L 

I I I I 
2200 

0 
la00 lpoo 2Mo 2100 

Temperature, OF 

Figure 16. - Stressldensity for rupture in 100 and loo0 h w r s  d 70 volume penent composites and 
alloy M22VC. 

0 0.008 in. dlam - 218CS wire 
0 0.015 in. dlam - 218CS wire 
0 (LO20 in. dam - 218CS wire 

7or103 

CL 

In- 
2 
L 

P 

.mi .om .m 
Reactioci depth, in. 

(a) Effect of reaction depth. 

s 3 0 0  
c - 
E 
2 

Depth of 
reaction 

60x103 h 

5 M -  

.- 3 5 5 -  

; 45-  

35 o 

- 
* v) 

40- 

4 a 12 16 20 24x10-3 
Wire diameter, in. 

lb) Effect of wire diameter. 

Figure 17. -Calculated 100 hour rupture strength of wire at 2OoO" F 
as a function of wire diameter and depth of penetration. 
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,I .OD2 
0 .mi 
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Figure 18. - E M  d &pth d pendntlon on oplimum wire dbmeter. 
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